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Hydrogen is the lightest element and the most abundant chemicals which has 
been used for various purposes, and is a crucial component which is required in large 
amount in wide variety of industries. In petroleum refineries, hydrogen is used for 
hydrodesulfurization process which removes sulfur from natural gas, and hydrocracking 
process by which complex chemicals are broken down into simpler components. In food 
industries, hydrogen is used for hydrogenation process of oils or fats. Hydrogen is also 
used in chemical industries to produce methanol and hydrochloric acid, both of which 
can be used commercially or as part of consumer products. 
Aside of its established use in industries, hydrogen is also considered to play a 
significant role in future energy sector as a promising energy carrier. As an energy 
carrier, hydrogen is as versatile as electricity, particularly in its ability to be produced 
from many different primary forms of energy, and its adaptability for many different 
kinds of useful works. Hydrogen, also can be stored for extended periods for use on 
demand as a compressed gas, or in a chilled liquid form, or in suspension with special 
solid materials called metal hydrides (Holland and Provenzano, 2007). The possibility 
of hydrogen production from diverse domestic resources is also an important reason 
why hydrogen is such a promising energy carrier (Balat, 2008; Iranshahi et al., 2011) 
To fulfill these needs, the demand of hydrogen is expected to grow. Up to now, 
hydrogen production process is dominantly carried out by the utilization of fossil fuels. 
Yet, it is understood that fossil fuels are non-renewable, as well as environmentally 
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damaging. Therefore, the alternative techniques to produce hydrogen that is effective 
and environmentally friendly are of great interests.  
1.2 Hydrogen Production Methods from Renewable Resources  
At present, hydrogen production methods from renewable resources can be 
broadly classified into three major categories: biological, electrochemical and 
thermochemical methods. Biological methods to produce hydrogen, which mostly 
include the use of microorganism, are considered potential to provide a sustainable 
supply of hydrogen with low pollution since this process mainly apply aqueous 
environment under atmospheric pressure and at an ambient temperature. However, it 
should be noted that only a small fraction of naturally occurring microorganisms have 
been discovered and functionally characterized. In addition, the known organisms are 
being modified to improve their features (US Department of Energy, 2007; Holladay et 
al., 2009). The challenge of biological process also includes unstable hydrogen 
production, which is possibly attributed to the characteristic of hydrogen producing 
bacteria (Show et al., 2012).  
Electrochemical method involves the breakage of water molecules into hydrogen 
and oxygen by passing electricity between two electrodes, resulting in chemical 
reactions at the electrodes and separation of materials. This water electrolysis method is 
one of the simplest technologies to produce hydrogen. It can be classified as the cleanest 
technology and highly effective. Yet, on the other hand, the input electricity costs are 
very high and play a key role in the price of hydrogen obtained (Armor et al., 1999; 
Bičáková and Straka, 2012). 
The thermochemical methods consist of chemical reactions for the separation of 
hydrogen from its feedstock which are driven by thermal energy inputs. 
Thermochemical methods enable the flexibility of feedstock for hydrogen production 
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from abundantly available resources, such as water and biomass. At present, 
thermochemical method represents the most widely used and also the cheapest method 
of the hydrogen production (Bičáková and Straka, 2012; Abbas and Daud, 2010), which 
mark higher effectiveness and efficiency compare to other methods. The main challenge 
of this method is in providing the high temperature condition. Development of the 
method which can apply moderate temperature using environmentally benign heat 
sources such as wasted heat from industry or geothermal heat is highly important and 
beneficial.    
1.3 Proposed Method: Hydrogen Production via the Sulfur Redox Cycle  
Many studies have been conducted to find effective methods to produce 
hydrogen using biomass, which is one of the largest and least expensive renewable 
resources in the world (Kalinci et al., 2009; Logan, 2004; Williams and Onwudili, 2006, 
Goodwin and Rorrer, 2007). Hydrogen production from biomass under hydrothermal 
conditions has been widely reported. However, the method presently available for such 
hydrogen production requires high temperatures and pressures at supercritical 
conditions of water to maximize hydrogen yield (Byrd et al., 2007; Yu et al., 1993; Hao 
et al., 2003; Onwudili and Williams, 2009; Matsumura and Minowa, 2004; Azadi et al., 
2010). 
The present study investigates a hydrogen production from biomass via a sulfur 
redox cycle at moderate temperatures, which may utilize excess sulfur from oil refinery 
(Rappold and Lackner, 2010), natural hydrogen sulfide and biomass wastes, and may 





Fig. 1.1. Hydrogen production from biomass via the sulfur redox cycle. 
 
In this system, hydrogen can be produced from an aqueous alkaline solution 
containing sulfide at subcritical conditions of water (Jin et al., 2008; Ma et al., 2010). 
Sulfide having the lowest oxidation number of sulfur, −2, is a strong reducing agent. 
The sulfide species in this hydrogen production method related with the value of 
dissociation constant (pK). First dissociation constant of hydrogen sulfide (pK1), which 
marks the dissociation from H2S to HS
−
, under subcritical condition of water is about 
6.5-7 (Kharaka et al., 1989). Meanwhile for the second dissociation constant (pK2), 




, previous works found that at ambient 
temperature, the pK2 value of sulfide is above 13 (Millero, 1986; Schoonen and Barnes, 
1988; Ellis and Giggenbach, 1971). Yet, some studies showed that the pK value of 
sulfide decreased with elevating temperature (Ellis and Milestone, 1967; Ellis and 
Giggenbach, 1971; Rao and Hepler, 1976; Yongsiri et al., 2004), and a study by 
Sulfide regeneration using biomass at milder condition (no additional energy)
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Khodakovsky et al. (1965) estimates a pK2 value of as low as 7 at 200 °C. Based on 




 present in this 
hydrogen production (S
2−
 is used to represent both anions after this). Additionally, at 
temperatures >150 ºC, water has weaker and less persistent hydrogen bonding (Lu et al., 
2001), making the production of hydrogen from water easier. The reaction may be 




2 1)Hy(x1)OH2(xOSO2)Hy(2xxS  

,    (1.1) 
where the sulfur oxyanion, SxOy
2−




, or sulfate, 
SO4
2−
. Yet, although possibility of hydrogen production by this method has been studied 
(Jin, 2008; Ma, 2010), the reaction has not been fully described. Mechanism of the 
reaction is studied further in this thesis.  
For hydrogen production to be sustainable, sulfide must be regenerated from 
sulfur oxyanion(s) by an organic reducing agent (Tsuchiya et al., 2008) at much lower 
temperatures (and pressures) by the heat remaining after production of hydrogen. 
Reducing sugar is among the most common organic reducing agent, and many studies 
already revealed that it can be obtained from processing of more complex organic 
compounds, such as cellulose (Wang et al., 2012; Tong et al., 2013; Ni et al., 2013), or 
even from various kinds of organic wastes (Jeong et al., 2011; Kim et al., 2004; Lü and 
Saka, 2010; Ma et al., 2010; Matsunaga et al., 2008; Minowa et al., 1998; Öhgren et al., 
2005; Singh et al., 1984; Wongsiriwan et al., 2010; Zhao et al.; 2009; Zhu et al., 2011). 
Thus, this new method can be considered to produce hydrogen from biomass.  
Glucose is the most common carbohydrate and can be classified as a 
monosaccharide, an aldohexose, and a reducing sugar. Glucose production from 
biomass also has been widely studied (He et al., 2008; Vynios et al., 2009; Guo et al., 
1996; Li et al., 2007; Filos et al., 2006; El-Zawawy et al., 2011), with biomass 
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conversion rate to glucose of up to 70 % (He, et al., 2008). Using glucose at low 
temperatures is also appropriate because its decomposition (e.g., dehydration reaction) 
starts at 90 ºC (Aida et al., 2007), therefore glucose may be suitable for the sulfide 
regeneration process.  
It should be noted that a single-step hydrogen production from water using 
sulfur redox reactions has been reported previously (Jin et al., 2008), in which both 
hydrogen production using sulfide, and sulfide regeneration using an organic reducing 
agent, are assumed to occur simultaneously. In contrast, in order to ensure a sulfur 
redox cycle, the new method must be a two-step process, which is essentially different 
from the existing method. Additionally, mechanism of reactions of this proposed 
method are also observed and clarified. 
1.4 Objectives and Issues 
Objective of this study is to provide solution for the increasing demand of 
hydrogen, by developing an effective and environmentally friendly hydrogen 
production method, using reaction at moderate temperature and naturally available 
compounds, via the sulfur redox reaction. Since this study is mainly aimed to provide a 
highly efficient method to produce hydrogen, this thesis particularly focuses on the first 
half-cycle of the sulfur redox reaction in the attempt to optimize production of hydrogen. 
To achieve this objective, several issues should be resolved. Firstly, feasibility 
of the newly proposed hydrogen production via sulfur redox cycle should be confirmed. 
Then, mechanisms of the reaction should be clarified. Finally, a possible process design 




1.5 Thesis Overview 
This thesis is divided into 6 chapters. Chapter 1, the introduction chapter, 
explains background of this study, which includes discussion about the importance of 
hydrogen in wide variety of fields, and the need to find an alternative hydrogen 
production process that is efficient and environmentally friendly. Hypothetical concept 
of the proposed hydrogen production method applied in this study is also discussed in 
this first chapter. 
Chapter 2 observes the feasibility of hydrogen production method that is 
hypothesized in the first chapter. Results from the hydrogen production reaction and 
sulfide regeneration reaction, is firstly studied separately under various conditions. Then, 
a hydrogen production cycle reaction is demonstrated and observed. Advantages of this 
method are also discussed.        
In Chapter 3, the effect of reaction condition (i.e. reaction temperature and initial 
pH) on the hydrogen production half-cycle is discussed. The hydrogen production from 
reactions under various temperature and pH is observed. The effect of temperature and 
pH on the sulfide consumption and molar ratio of hydrogen production to sulfide 
consumption (H2/S
2−
) is also studied, based on which the effect of reaction conditions 
on hydrogen production mechanism is then investigated.  
Chapter 4 discusses about the development of model equations designed to 
estimate the extent of hydrogen production under particular reaction condition. This 
chapter also discusses more in-depth about the possible elementary reactions involved 
and the possible sulfur products generated under each reaction condition, to allow an 
understanding of the overall hydrogen production half-cycle mechanism. Studies 
concerning the effects of temperature and pH on the sulfur products are also discussed. 
An optimum mechanism for the production of hydrogen, including consideration of the 
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sulfide regeneration half-cycle, is then proposed, based on the measured hydrogen 
production and estimated sulfur products. 
In Chapter 5, a pilot design for hydrogen production plant applying the sulfur 
redox cycle method under hydrothermal condition is devised. Energy requirement of the 
overall process is also calculated. Then, based on the consideration of material and 
energy resources for the process, effectiveness and efficiency of the process is evaluated.     








Feasibility and Advantages of the 
Sulfur Redox Cycle 
2.1 Introduction 
This chapter observes the feasibility of the hydrogen production from biomass 
via the sulfur redox cycle, as hypothesized in Chapter 1. The sulfur redox cycle consists 
of two half-cycle reactions, which are hydrogen production at subcritical condition of 
water and sulfide regeneration at much lower temperature. Firstly, the hydrogen 
production from an aqueous alkaline solution of sodium sulfide at 250-320 ºC and 
corresponding saturated vapor pressures is examined. Hydrogen production using this 
method has been studied; however mechanism of this reaction has not been fully 
described in the previous works (Jin et al., 2008; Ma et al. 2010). In this chapter, the 
reaction is re-examined and then the possible mechanisms for this reaction are proposed. 
The feasibility of sulfide regeneration from the solution resulting from hydrogen 
production was then evaluated at a temperature range of 60-80 °C, using glucose (which 
can be derived from biomass) as the reducing agent of the oxidized sulfur compound(s) 
formed during hydrogen production. Finally, hydrogen production from glucose via the 
sulfur redox cycle was demonstrated and studied. The efficiency of this new method 





2.2.1 Hydrogen Production Experiment 
Examination of the hydrogen production is specifically in case of using 
Hastelloy C-22 reactor due to the possible catalytic effect of the reactor wall (Zhang et 
al., 2011). It should be noted that the other possible hydrogen production due to 
sulfidation of nickel (Ni) and cobalt (Co) (Zhang et al., 2011) is expected to be 
negligible, because the reported amounts of hydrogen produced by adding 1 mmol Ni 
and Co powders were only approximately 0.2 mmol and 0.8 mmol, respectively, despite 
of the considerable amounts of the metal powders. 
A total of 1.2 g of sodium sulfide nonahydrate (Na2S·9H2O, 98-102% assay by 
Wako Pure Chemical Industries, Ltd.) was dissolved in 120 mL distilled water. 
Considering the possible oxidation reaction of sulfide during this preparation, about 1 
mL of the solution was collected for analysis of sulfide content and other sulfur-
containing compounds that may be contained in the initial condition. The solution 
containing sulfide was loaded into an autoclave (made of Hastelloy C-22 alloy) with an 





Fig. 2.1. Photo and illustration of the Hastelloy C-22 reactor.  
 
The reactor was equipped with a stirrer, pressure gauge, temperature controller, and gas 
and liquid sampling valves. The temperature controller, consisting of a heater 
surrounding the reactor and a thermocouple inserted within the reactor, enabled accurate 
temperature control. The liquid sampling valve was connected to a sampling tube 
located near the bottom of the reactor. Before heating was initiated, nitrogen gas was 
bubbled through the liquid sampling valve for 15 min to prevent the oxidation of sulfur 
by air. Heating with stirring was then started to increase the temperature to a 
predetermined value. Reaction temperatures were 250 ºC, 280 ºC, 300 ºC, and 320 ºC. 
Saturated vapor pressures for these temperatures were approximately 4 MPa, 6.2 MPa, 
8.5 MPa and 11.5 MPa, respectively (Fig. 2.2). Reaction time was 60 min, and the zero 
point of reaction time is the time when the reaction reached the prescribed temperature. 
After completion of the reaction, the reactor was cooled using a fan, and gas and liquid 

























Fig. 2.2. Saturated vapor pressure as a function of temperature. 
2.2.2 Sulfide Regeneration Experiment 
The solution resulting after hydrogen production at 300 ºC was used for sulfide 
regeneration. A total of 90 mg of D-(+)-glucose powder (C6H12O6, 98-102% assay by 
Nacalai Tesque, Inc.) was dissolved in 30 mL of the solution in a 50 mL glass beaker. A 
silicon rubber cap was placed on the beaker and the solution heated and stirred to 
increase the temperature up to a prescribed temperature. The magnetic stirrer, which 
measured the temperature of the liquid directly using a thermocouple, enabled accurate 
temperature control. Reaction temperatures were 60 ºC, 70 ºC, and 80 ºC. After 10 min 
at the prescribed temperature, a liquid sample was collected.  
2.2.3 Sulfur Redox Cycle Experiment 
The sulfur redox cycle experiment consisted of three half-cycles of the first 
hydrogen production, sulfide regeneration, and second hydrogen production. The two 
half-cycles of the first and second hydrogen productions were conducted at 300 ºC for 
























solutions differed between the two experiments. The first starting solution was the same 
aqueous sodium sulfide solution described above, while the second was the solution 
after sulfide regeneration containing organic compound(s). The half-cycle of sulfide 
regeneration was conducted using a modified method, which is discussed in Results and 
Discussion. 
2.2.4 Sample Analysis 









) in liquid samples were analyzed immediately after taking the samples using 
Capillary Electrophoresis (CE G1600 AX, Agilent Technologies, Inc.). The column was 
a fused silica capillary column (Agilent Technologies, Inc.), which had an effective 
length of 24.5 cm, total length of 33 cm, and an internal diameter of 50 μm. The buffer 
used was an inorganic anion buffer (Agilent Technologies, Inc.), with the pH adjusted 
to 11.2. Voltage was -18 kV, and temperature was 35 °C. The UV wavelengths were 
350/50 nm and 235/10 nm for the signal and the reference, respectively. Detailed 
information of this method has been described previously (Serwe, 2009). Standard 
solutions for quantification were prepared using distilled water, sodium sulfide 
nonahydrate (Na2S·9H2O, 98-102% assay by Wako Pure Chemical Industries, Ltd.), 
sodium thiosulfate pentahydrate (Na2S2O3·5H2O, ≥99% assay by Wako Pure Chemical 
Industries, Ltd.), sodium sulfite (Na2SO3, ≥97% assay by Wako Pure Chemical 
Industries, Ltd.), and sodium sulfate (Na2SO4, ≥99% assay by Wako Pure Chemical 
Industries,  Ltd.).  
Gas chromatography with a thermal conductivity detector (GC-323/TCD, GL 
Sciences, Inc.) was used to analyze hydrogen in the gas samples. The column was a 
stainless steel Porapak Q (80/100 mesh) column (GL Sciences, Inc.), which had a length 
of 2 m, outer diameter of 3.2 mm, and internal diameter of 2.1 mm. Carrier gas was 
14 
 
nitrogen, and temperatures used were 120 ºC, 60 ºC, and 100 ºC for the injection, 
column, and detector, respectively. Standard hydrogen gas (99.99% purity, GL Sciences, 
Inc.) was used for quantification.  
2.3 Results and Discussion 
2.3.1 Hydrogen Production Using Sulfide 
GC analysis detected hydrogen in the gas samples after hydrogen production at 
temperatures ≥280 ºC, where hydrogen production increased with temperature (Fig. 2.3). 
At 280 ºC, 300 ºC and 320 ºC, 1.2 mmol, 6.3 mmol, and 12.1 mmol hydrogen, 
respectively, were produced after 60 min. Since no hydrogen production was observed 
at 250 ºC, only the results at higher temperatures are discussed.  
  
Fig. 2.3. Relationship between hydrogen production and temperature. 
 
The CE analysis (Fig. 2.4) showed that sulfide, S
2−
, peak area decreased with 
















changes were -10.1 mmol/L, -16.6 mmol/L, and -36.5 mmol/L at 280 ºC, 300 ºC, and 
320 ºC, respectively. CE analysis also showed that only sulfite, SO3
2−
, was found at 280 
ºC and 300 ºC, whereas sulfate, SO4
2−
, also found at 320 ºC. Concentration changes in 
sulfite were 0.3 mmol/L, 0.7 mmol/L, and 1.5 mmol/L at 280 ºC, 300 ºC, and 320 ºC, 
respectively, whereas the concentration change in sulfate was 0.2 mmol/L at 320 ºC. 
The concentration changes in sulfide and sulfur oxyanions are summarized in Table 2.1, 
along with hydrogen production. As shown in Table 2.1, the mass balance of sulfur 
could not be confirmed, because of unknown peaks, and limitations of the analytical 
method which prevented the detection of polysulfide, Sn
2−






Fig. 2.4. Electropherograms from CE analysis for (a) starting solution, and liquid 




















































































































280 1.2 -10.1 0.0 0.3 0.0 
300 6.3 -16.6 0.0 0.7 0.0 
320 12.1 -36.5 0.0 1.5 0.2 
 
Results from GC and CE analyses indicated hydrogen production might be 
accompanied by sulfide consumption and sulfur oxyanion formation, which coincided 
well with the study hypothesis (Eq. 2.1) based on the previous studies (Jin et al., 2008; 




2 1)Hy(x1)OH2(xOSO2)Hy(2xxS  

    (2.1) 
However, not all of the results could be explained by Eq. (2.1). If hydrogen was 
produced according to Eq. (2.1), the molar ratio of hydrogen production to sulfide 
consumption, H2/S
2−









2 4H2OHOSO5H2S  

,            (2.2) 










.                             (2.3) 
Calculating H2/S
2−
 molar ratios using experimental results (Table 2.1) showed that the 
ratio at 280 ºC was less than the lower limit, although the ratios at 300 ºC and 320 ºC 
were between the lower and upper limits (Fig. 2.5). The small H2/S
2−
 molar ratio at 280 




2 1)H(n1)OH2(nSO1)H2(nnS  






 is polysulfide with n = 2-5 (Giggenbach, 1974). In this reaction, the H2/S
2−
 




2 4H8OHSO8H5S  

.     (2.5) 
 
Fig. 2.5. Relationship between H2/S
2-
 molar ratio and temperature during hydrogen 
production. 
Considering that the H2/S
2−
 molar ratio is approximately unity at 280 ºC, the 
reaction described by Eq. (2.5) may be predominant at this temperature. However, the 
H2/S
2−
 molar ratio is slightly higher compared to the maximum H2/S
2−
 molar ratio 
provided by polysulfide formation (0.8), which may indicate that small amount of sulfur 
oxyanion was also formed. This type of simultaneous production of polysulfide and 
sulfur oxyanion under hydrothermal conditions has been described previously (Lin et al., 
2005). Thus, two types of hydrogen production occurred simultaneously, with the 
predominant reaction shifting from Eq. (2.4) to Eq. (2.1) with increasing temperature. In 





































addition, the similar H2/S
2−
 molar ratios at 300 ºC and 320 ºC might indicate that the 
difference in the reaction at these two temperatures was only the reaction rate. A H2/S
2−
 
molar ratio of approximately 3 at these temperatures indicated that the predominant 






2 8H4OHOSO10H3S  

,        (2.6) 
where the H2/S
2−
 molar ratio is 2.7. 
2.3.2 Sulfide Regeneration Using Glucose 
The CE analysis showed that sulfite, SO3
2−
, and unknown anions were found during 
hydrogen production at 300 ºC, and remained after sulfide regeneration at every 
temperature (Fig. 2.6). Nevertheless, concentration of sulfide, S
2−
, generally increased 
under all conditions tested (Table 2.2), demonstrating that sulfide regeneration using 
glucose as a reducing agent is possible at much lower temperatures than those required 
for hydrogen production. The change in sulfide concentration increased with 
temperature, and was 3.0 mmol/L, 4.7 mmol/L, and 9.4 mmol/L at 60 ºC, 70 ºC, and 80 







) may have been caused by sulfur oxidation by air due to use of a glass beaker. 
The changes in concentration of all the sulfur oxyanions were significantly smaller than 
those of sulfide. In addition, since unknown peaks remained after the experiment, the 
sulfide likely was regenerated mainly from undetected sulfur-containing anion(s) such 
as polysulfide, Sn
2−
, and polythionate, SnO6
2−
. Although the reaction equation for sulfide 
regeneration could not be determined, regeneration of sulfide from sulfur oxyanions 






Fig. 2.6. Electropherograms from CE analysis for (a) starting solution, and the liquid 



















60 3.0 0.9 0.1 0.2 
70 4.7 0.6 0.0 0.0 
80 9.4 0.0 0.6 0.0 
 
Defining the sulfide regeneration ratio as the increment in concentration (Table 
2.2) over the concentration change in hydrogen production at 300 ºC (Table 2.1), the 
regeneration ratio was approximately 60%, even at 80 ºC (Fig. 2.7). However, the 
regeneration ratio tended to increase nonlinearly with temperature, suggesting a higher 
regeneration ratio may be possible by increasing reaction rate at temperatures >80 ºC. 
Figure 2.7 shows an extrapolation of results at higher temperatures (dashed line), 
indicating complete regeneration at temperatures near 100 ºC. 
 
 




2.3.3 Hydrogen Production from Glucose via the Sulfur Redox Cycle 
Results from sulfide regeneration experiments indicated that the optimum 
temperature for sulfide regeneration was >80 ºC. However, decomposition (e.g., 
dehydration) of glucose can occur at temperatures >90 ºC (Aida et al., 2007). Therefore, 
it was necessary to determine reaction conditions (e.g. temperature and time) that would 
allow the reaction rate of sulfur reduction to be increased with little or no glucose 
decomposition. Consequently, the following procedure was employed for sulfide 
regeneration during the sulfur redox cycle experiment. Glucose powder (0.3 wt %) was 
added to the solution within the autoclave produced after the half-cycle of the first 
hydrogen production. Nitrogen gas was bubbled through the solution for 15 min to 
prevent sulfur oxidation by air. Then, the solution was heated with stirring to increase 
the temperature up to 105 ºC. Upon reaching 105 ºC, cooling was initiated immediately, 
and a liquid sample was collected.  
The GC and CE analyses for the gas and liquid samples collected after the half-
cycle of the first hydrogen production provided a H2/S
2−
 molar ratio of 2.7, which was 
similar to previous results shown in Fig. 2.5. Sulfite, SO3
2−
, was found during hydrogen 
production (Figs. 2.8a and 2.8b). After this first hydrogen production, the half-cycle of 
sulfide regeneration was conducted with the modified method described above. The CE 
analysis of the liquid sample after this half-cycle provided a sulfide regeneration ratio of 
89.7%. As expected, the regeneration ratio improved when the modified method was 
used. Assuming that all the added glucose was involved in the reaction, 0.9 mol sulfide 
was regenerated by 1 mol glucose. However, the peak area for sulfite and the unknown 
peak did not decrease (Figs. 2.8b and 2.8c), which may explain the incomplete sulfide 
regeneration. Sulfide could be regenerated only from undetected sulfur-containing 
compound(s) such as polysulfide and polythionate. This unidentified sulfur-containing 
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compound was thought to be trithionate, S3O6
2−
, as expected by Eq. (2.6), because the 
following equation coincided well with the data that about 1 mol sulfide were 








where it is assumed that glucose is oxidized to common oxidized glucose derivatives; 
glucuronic, C6H10O7, and glucaric, C6H10O8, acids (Boitenko et al., 1983; Fel’dman et 
al., 1983; Mehltretter and Rist, 1953). The half-cycle of the second hydrogen 
production was conducted using the solution after sulfide regeneration. The GC and CE 
analyses for gas and liquid samples after this half-cycle provided a H2/S
2−
 molar ratio of 
2.5, which was just slightly lower than the value obtained from the first hydrogen 
production. Additionally, the CE analysis for the liquid sample produced only peaks 
corresponding to the same anions observed in the first hydrogen production (Figs. 2.8b 
and 2.8d). These results indicate that the same mechanism is acting in both the first and 
second hydrogen production even in the presence of organic compound(s). This finding 
is significant because the solution containing organic compounds can be used repeatedly 
for hydrogen production even if the organic compounds cannot be removed completely. 
This study demonstrated a method of hydrogen production from biomass via the 
sulfur redox cycle at moderate temperatures. Results indicated that, in theory, 2.7 mol 
hydrogen is produced by consuming 1 mol sulfide at approximately 300 ºC (Eq. 2.6), 
and 1 mol sulfide is regenerated by consuming 1 mol glucose at approximately 100 ºC, 
i.e., with no additional energy (Eq. 2.7). Thus, hydrogen production from glucose is 2.7 
mol hydrogen per 1 mol glucose, and is represented by the following reaction derived 
from Eqs. (2.6) and (2.7): 
28106710626126 8HOH2COHCO5HOH3C  .               (2.8) 
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In contrast, comparison of hydrogen production from glucose by hydrothermal 
gasification methods reported previously (Azadi et al., 2009) indicated at most 1.6 mol 
hydrogen per 1 mol glucose even with catalyst addition at much higher temperatures up 
to 500 ºC (Sinag et al., 2004). Thus, hydrogen production from glucose by the proposed 
method is significantly greater and uses much lower temperatures. Although some 
details remain unclear, the feasibility of this new method for enhanced (and sustainable) 
hydrogen production from biomass via the sulfur redox cycle under hydrothermal 




Fig. 2.8. Electropherograms from CE analysis for (a) starting solution, and liquid 


















































































(b) After the 1st hydrogen production
(a) Initial condition
(d) After the 2nd hydrogen production
















2.4 Conclusions  
A new method of hydrogen production from biomass via a sulfur redox cycle 
has been proposed. This method consists of two half-cycles: (1) hydrogen production 





, acts as a reducing agent of water, and (2) sulfide regeneration under much 
milder conditions, with an organic compound derived from biomass acting as a reducing 
agent of polysulfide, Sn
2−
, and sulfur oxyanion, SxOy
2−
, formed in the first half-cycle. In 
this chapter hydrogen production from the aqueous sodium sulfide solution was firstly 
examined. During the 60-min reaction, hydrogen production was observed at ≥280 ºC 
and corresponding saturated vapor pressures. The feasibility of sulfide regeneration by 
D-glucose was then evaluated for the solution resulting from hydrogen production. 
Addition of D-glucose to the solution after hydrogen production at 300 ºC resulted in 
sulfide regeneration at temperatures ≥60 ºC in the present 10-min reaction. Finally, 
hydrogen production from glucose via the sulfur redox cycle was demonstrated, where 
the hydrogen production and sulfide regeneration were conducted at 300 ºC and 105 ºC, 
respectively. Results indicated that hydrogen production from 1 mol glucose was 
greater than that by hydrothermal gasification of glucose at much higher temperatures 
up to 500 ºC. Although some details needs to be studied further, the feasibility of this 
new method for enhanced (and sustainable) hydrogen production from biomass via the 






Temperature- and pH-dependent 
Hydrogen Production from the 
Water-Sulfur Reaction 
3.1 Introduction 
Feasibility of hydrogen production from biomass via the sulfur redox cycle 
under hydrothermal conditions has been confirmed in Chapter 2. This method consists 
of two half-cycles: (1) hydrogen production from an aqueous alkaline solution at 




, acts as a reducing 
agent of water (S
2− 
is used to represent both sulfide anions after this), and (2) sulfide 
regeneration under much milder conditions, during which an organic compound derived 
from biomass (e.g., glucose) acts as a reducing agent of sulfur species formed in the 
first half-cycle.  It has been indicated that, in theory, 2.7 mol hydrogen produced by 
consuming 1 mol sulfide at approximately 300 °C, and 1 mol sulfide is regenerated by 
consuming 1 mol glucose at approximately 100 °C, i.e., with no additional energy. Thus, 
hydrogen production from glucose is 2.7 mol hydrogen per 1 mol glucose, which is 
greater than that by hydrothermal gasification of glucose at much higher temperatures 
up to 500 °C (at most 1.6 mol hydrogen per 1 mol glucose) (Azadi et al., 2010), 
indicating that hydrogen production from biomass via the sulfur redox cycle has higher 
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energy conversion efficiency than hydrothermal gasification of biomass. In this chapter, 
the first half-cycle was studied more intensively.  
In Chapter 2, the first half-cycle reaction was observed at 280-320 °C. 
Production of hydrogen from reduction of water was proposed to occur accompanied by 
formation of polysulfide (Sn
2-
, n=2-5) (Giggenbach, 1974) and/or sulfur oxyanion 
(SxOy
2-
) from oxidation of sulfide. The reactions are represented by Eqs. (3.1) and (3.2), 
respectively. 
       (   )      
    (   )    (   )     (3.1) 
   -  (    - )        
 -
  ( - )  -  (   - )   (3.2) 
According to these mechanisms, if hydrogen was produced according to Eq. 
(3.1), the molar ratio of hydrogen produced per sulfide consumed (H2/S
2-
) is at least 0.5 
if n=2, as shown in Eq. (3.3): 
            
          ,      (3.3) 
and the molar ratio is at most 0.8 if n=5, as shown in Eq. (3.4): 
            
           .     (3.4) 
If hydrogen was produced according to Eq. (3.2), the H2/S
2- 
molar ratio is at least 2 if 
the oxidation state of sulfur changes from S
2-
 to only S
2+
, as shown in Eq. (3.5): 
               
           ,     (3.5) 
and the H2/S
2- 





, as shown in Eq. (3.6): 
             
      .       (3.6)  
Based on calculated H2/S
2-
 values from the experimental results, hydrogen 
production at 280 °C was proposed to be accompanied mainly by formation of 
polysulfide as in Eq. (3.1), while at 300 °C and 320 °C were accompanied mainly by 
formation of sulfur oxyanion as in Eq. (3.2), with trithionate (S3O6
2-
) suggested as the 
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main sulfur oxyanion product. In addition, it was proposed that increase of reaction 
temperature caused a shift in hydrogen production mechanism from Eq. (3.1) to Eq. 
(3.2). However, the proposed mechanisms and the effects of temperature on hydrogen 
production have not been confirmed by experimental results.  
Reaction of sulfur species, including polysulfides and sulfur oxyanions, in 
aqueous solution is also significantly influenced by pH (Giggenbach, 1974; Kamyshny 
et al., 2007; Ohmoto and Lasaga, 1982; Filpponen et al., 2006; Biernat and Robins, 
1969; O’Brien and Birkner, 1977; Chen and Morris, 1972). Previous studies have 
examined the effect of pH on the amount of hydrogen produced (Jin et al., 2008; Ma et 
al., 2010). Yet, the influence of pH on the mechanism of hydrogen production remains 
unclear, and requires further investigation. This chapter observes the effect of 
temperature proposed in the previous chapter and to observe the influence of pH on 
hydrogen production by examining reaction at 230-320 °C and corresponding saturated 
vapor pressures at pH values of 9-13. The reaction mechanism of hydrogen production 
and the effects of pH and temperature are described based on analysis results. Optimum 
conditions for hydrogen production via the sulfur redox cycle also are proposed. 
3.2 Experimental 
3.2.1 Hydrogen Production Experiment 
Most of the experimental conditions have been described in Chapter 2. However, 
some adjustments were made to improve the conditions and overcome limitations of 
previous experiments. A faster heating and cooling system was applied to reactions, 
which was expected to produce more accurate results for reactions conducted over 
specific temperature ranges. The previous system used a heating rate of approximately 
7 °C/min and a cooling rate of approximately 5 °C/min. In the present system, the 
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heating rate was about 20 °C/min, and cooling from 230-320 °C to room temperature 
required only approximately 1 min.  
A total of 1.2 g sodium sulfide nonahydrate (Na2S·9H2O, 98-102% assay by 
Wako Pure Chemical Industries, Ltd.) were dissolved in 120 mL distilled water. The 
sulfide-containing solution had a pH of ca. 13. For reactions at pH of 9 and 11, 1 N HCl 
was used for pH adjustment of the sulfide-containing solution. Considering the possible 
oxidation reaction of sulfide during this preparation, about 1 mL of the solution was 
collected for analysis of sulfide content and other sulfur-containing compounds that 
may be contained in the initial condition. Hydrogen production was conducted in a 200-
mL Hastelloy C-22 reactor, equipped with a temperature controller, a pressure gauge, a 
stirrer, and gas and liquid sampling valves (Fig. 3.1). While it has been reported that the 
inner wall surfaces of this particular reactor can possibly exert catalytic effects on the 
hydrogen production, any additional production of hydrogen due to the sulfidation of 
nickel or cobalt (Zhang et al., 2011) is expected to be negligible in these trials, due to 





Fig. 3.1. Photo and illustration of the improved Hastelloy C-22 reactor.  
 
After loading the sulfide solution, the reactor was sealed and then purged with 
N2 gas through the liquid sampling valve that is connected to the bottom of the reactor. 
Purging was performed for 15 min to prevent oxidation of sulfur compounds by oxygen. 
Reaction was initiated by stirring the solution and heating the reactor to the 
predetermined temperature. Reaction temperatures were 230 °C, 250 °C, 280 °C, 
300 °C, and 320 °C. Saturated vapor pressures for these reaction temperatures were 
approximately 2.5 MPa, 4MPa, 6.2 MPa, 8.5 MPa and 11.5 MPa, respectively. After 
reaction time of 60 min at the prescribed temperature, the reactor was cooled to nearly 
room temperature using a fan and a flow of cool water through the reactor jacket. Gas 
and liquid samples were collected after completion of the reaction. Additionally, to 
confirm no effect of pressure, a complementary experiment was conducted at pH 13, 


























3.2.2 Sample Analysis 
Analysis of liquid samples by capillary electrophoresis (CE) also was modified 
from conditions previously reported in Chapter 2, which could identify sulfide (S
2-
) and 






) but could not identify polythionates (SxO6
2-
). However, as also discussed in Chapter 2, trithionate (S3O6
2-
) may be produced during 
the hydrogen production reaction. Thus, an improved CE analysis method that could 
identify polythionates (SxO6
2-
) was applied. Unfortunately, identification of polysulfides 
(Sn
2-
) was still not possible, even with the improved analysis method.  











) in liquid samples were analyzed immediately after taking the samples 
using a CE G1600 AX instrument (Agilent Technologies, Inc) with a fused-silica 
capillary column with a total length of 64.5 cm (56 cm effective length to the detector 
window) and an internal diameter of 75 µm. Injection time was 0.3 sec at 34.5 mbar 
pressure. A voltage of -25 kV was applied for separation; indirect spectrophotometric 
detection was performed at a UV wavelength of 372/20 nm with the reference at 214/10 
nm. The buffer was prepared per the method described by Motellier and Descostes 
(2001). It needs to be noted that small flakes may develop in the buffer under low 
temperature (below 10 °C). This is due to the precipitation of the salts for osmotic flow 
modifier which is contained in the buffer. Hence, during the analysis, it is important to 
keep the room condition at near 20 °C. 









) was prepared using distilled water and Na2S·9H2O (98-102% assay, 
Wako Pure Chemical Industries, Ltd.), Na2S2O3·5H2O (≥99% assay, Wako Pure 
Chemical Industries, Ltd.), Na2SO3 (≥97% assay, Wako Pure Chemical Industries, Ltd.) 
and Na2SO4 (≥99% assay, Wako Pure Chemical Industries, Ltd.) respectively. The 
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standard solution of trithionate was prepared by dissolving tetrathionate dihydrate, 
Na2S4O6·2H2O (96-103% assay, Wako Pure Chemical Industries, Ltd.), and sulfite, 
Na2SO3 (≥97% assay, Wako Pure Chemical Industries, Ltd.), at the same molar amount 
in distilled water, which resulted in formation of trithionate and thiosulfate, based on Eq. 
(3.7) (Motellier and Descostes, 2001; Gmelin, 1960): 
    
      
       
       
        (3.7) 
Electropherograms illustrating the separation of the standard anions are shown 
in Fig. 3.2 (the concentration of each anion was 5 mmol/L). Figures 3.2a and b show 
that the migration times of sulfate and trithionate were very similar, so when both 
anions are present in a solution, their peaks are likely to be merged and appear as only 
one peak. 
Gas chromatography with a thermal conductivity detector (GC-323/TCD, GL 
Sciences, Inc.) was used to analyze hydrogen contained in the gas sample, using a 
Porapak Q column (80/100 mesh, GL Sciences, Inc.) with a length of 2 m, an outer 
diameter of 3.2 mm, and an inner diameter of 2.1 mm. Nitrogen gas was used as the 
carrier. Column, detector, and injection temperatures were 60 °C, 100 °C, and 120 °C, 













), and sulfide (S
2-
), and (b) trithionate (S3O6
2-
). 
3.3 Results and Discussion 
3.3.1 Hydrogen Production and Sulfide Consumption 
A significant amount of hydrogen was produced after a reaction time of 60 min 
at temperatures ≥280 °C, where no effect of the excess pressure of 11.5 MPa was 







































































280 6.2 9.3 11.8 0.27 0.53 
280 6.2 9.3 11.9 0.40 0.50 
280 6.2 9.3 12.3 0.43 0.78 
280 6.2 10.8 11.7 0.25 0.42 
280 6.2 13.0 13.0 0.74 0.62 
280 11.5 13.3 13.3 0.78 0.61 
300 8.5 9.1 12.2 1.37 1.57 
300 8.5 10.7 12.2 1.91 1.76 
300 8.5 13.0 13.0 5.01 1.92 
320 11.5 9.0 12.5 7.27 3.62 
320 11.5 11.0 12.6 11.67 3.85 
320 11.5 13.3 13.5 13.06 4.04 
320 11.5 13.3 13.5 14.95 4.45 





Fig. 3.3. Hydrogen production in relation to (a) reaction temperature and (b) pH of the 
starting solution. Data points and error bars at 280 °C and pH 9, and at 320 °C and pH 
13 show average values and ranges of the three results, respectively. 
 
Regardless of the solution pH, no hydrogen production was detected after a 
reaction time of 60 min at 230 °C and 250 °C; therefore, only results from reactions at 




































































hydrogen production increased exponentially with temperature (Fig. 3.3a). Starting 
solutions with higher pH values also resulted in greater hydrogen production (Fig. 3.3b). 
These results demonstrate that reaction at high temperatures and high pH values led to 
considerable hydrogen production. 
Figure 3.4a illustrates that sulfide consumption increased with temperature, 
which suggests that an increase in temperature increased reaction rate; however, the rate 
of sulfide consumption was not as pronounced as the hydrogen production. In addition, 
pH dependence of sulfide consumption was generally small, as shown in Fig. 3.4b. 
These results indicate that the rise in hydrogen production with increasing 
temperature and pH cannot be explained by the pattern of sulfide consumption alone. 
The previously proposed reaction mechanism represented by Eqs. (3.1) and (3.2) 
suggests that the amount of hydrogen production, in addition to being affected by the 
amount of sulfide consumption, also is strongly affected by the change in sulfur 
oxidation state. This proposed mechanism might explain the results under certain 
conditions. First, to verify that hydrogen was produced according to Eqs. (3.1) and (3.2), 
the H2/S
2- 
molar ratio for the reactions should be in the range of 0.5-4.0, a range given 
by Eqs. (3.3) and (3.6). Then, a greater amount and/or oxidation state of sulfur-
containing anions should be produced with rising hydrogen production caused by 







Fig. 3.4. Sulfide consumption in relation to (a) reaction temperature and (b) pH of the 
starting solution. Data points and error bars at 280 °C and pH 9, and at 320 °C and pH 




 Molar Ratio 
The H2/S
2-
 molar ratio was calculated according to the experimental data in 
Table 3.1. The H2/S
2-


































































Fig. 3.5. The smallest H2/S
2-
 molar ratio from the experimental results was 0.6 for the 
reaction at 280 °C and pH 9, while the largest molar ratio was 3.4 for the reaction at 
320 °C and pH 13. These ratios are within the range of values that verify the proposed 
reaction mechanism.  
 
Fig. 3.5. Molar ratio of hydrogen produced to sulfide consumed in relation to reaction 
temperature. Data points and error bars at 280 °C and pH 9, and at 320 °C and pH 13 
show average values and ranges of the three results, respectively. 
Equations (3.3) and (3.4) demonstrate that the H2/S
2-
 molar ratios for hydrogen 
production with polysulfides formation are within the range of 0.5-0.8, while the range 
of H2/S
2-
 molar ratios for hydrogen production with sulfur oxyanions formation is 2-4, 
as described by Eqs. (3.5) and (3.6). The range of H2/S
2-
 molar ratios obtained from this 
study was 0.6-3.4, indicating the occurrence of both reaction mechanisms (i.e., 
























Lower limit by 2S2-+2H2O  S22-+2OH-+H2
Upper limit by S2-+4H2O  SO42-+4H2
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As seen in Fig. 3.5, the H2/S
2-
 molar ratio increased with pH and temperature, 
indicating that at higher pH and/or temperatures each mol of sulfide could produce a 
greater amount of hydrogen. This result suggests that sulfur with greater oxidation state 
was produced with increasing pH and temperature, indicating that the reaction 
mechanism might be affected by pH and temperature.  
3.3.3 Effect of pH on Hydrogen Production Reaction 
As shown in Fig. 3.4b, pH dependence of the sulfide consumption during 
hydrogen production was generally small. However, hydrogen production increased 
with pH (Fig. 3.3b). Figure 3.6 shows electropherograms of liquid samples after 
reaction at 280 °C and pH 9, pH 11, and pH 13. At pH 9, the anions detected were 
chloride (Cl
-
) from the chloric acid added for pH adjustment, trace amount of sulfite 
(SO3
2-
), and unreacted sulfide (S
2-
) (Fig. 3.6a). Similar anions were detected for the 
reaction at pH 11 (Fig. 3.6b). At pH 13, the anions detected were trace amount of sulfite 
(SO3
2-
) and unreacted sulfide (S
2-
) (Fig. 3.6c). At pH values of 9 to 13, H2/S
2-
 molar 
ratios for reactions at 280 °C were 0.6-1.2 (Fig. 3.5), indicating that the predominant 
reaction mechanism was hydrogen production only with polysulfide formation, as 
described by Eq. (3.1). This result corresponds with the analysis of samples that showed 
only trace amount of sulfite after reaction at all pH values and no other significant sulfur 
oxyanion (Fig. 3.6) (polysulfides are undetectable by the current analysis method). 
Change in oxidation state of the major sulfur product (i.e., polysulfides) with pH cannot 
be determined from the CE analysis results, however the increasing H2/S
2-
 molar ratios 
indicating formation of sulfur with higher oxidation state. This outcome infers that 




Fig. 3.6. Electropherograms of liquid samples at 280 °C and (a) pH 9, (b) pH 11, and (c) 























































































Electropherograms of liquid samples after reaction at 300 °C and pH 9, pH 11, 
and pH 13 are shown in Fig. 3.7. At pH 9 and 11, the anions detected were chloride and 





), and unreacted sulfide (Fig. 3.7c). Molar ratios of H2/S
2-
 for 
reactions at 300 °C and pH 9, 11, and 13 were 0.9, 1.1, and 2.6, respectively (Fig. 3.5). 
The H2/S
2-
 molar ratios of hydrogen production at pH 9 and 11 indicates that the 
predominant reaction was accompanied with formation of polysulfide; this was 
confirmed by CE analysis results that found no sulfur oxyanion (Figs. 3.7a and b). In 
addition, for the reaction at pH 13, the H2/S
2-
 molar ratio indicates that the predominant 
reaction was formation of sulfur oxyanion, which also was confirmed by the CE 
analysis results (Fig. 3.7c) that found sulfur oxyanions (trithionate and/or sulfate). 
Hydrogen production with sulfate formation gives a H2/S
2-
 molar ratio of 4, as 
explained by Eq. (3.6), while the formation of trithionate gives a H2/S
2-
 molar ratio of 
2.7, as described by Eq. (3.8): 
                
           .     (3.8) 
Similar results, where sulfide oxidation reaction at lower pH values resulted in 
formation of polysulfide and at higher pH values resulted in formation of sulfur 

























































































Electropherograms of liquid samples after reaction at 320 °C are shown in Fig. 
3.8, which indicated formation of trithionate and/or sulfate as sulfide oxidation product 
at all pH values, with increasing amounts at higher pH values. At pH 9 and 11, 
unreacted sulfide was detected (Figs. 3.8a and b), while at pH 13 all of the sulfide was 
consumed (Fig. 3.8c). The H2/S
2-
 molar ratios for reactions at 320 °C were 2.0−3.4 at 
pH 9−13 (Fig. 3.5), indicating that the predominant reaction mechanism was hydrogen 
production only with sulfur oxyanion formation, as explained by Eq. (3.2). This result 
also corresponds with CE analysis results at 320 °C (Fig. 3.8), where at all pH values, 
sulfur oxyanions (trithionate and/or sulfate) were found with increasing amount at 
higher pH. As the trithionate and sulfate appear as only one peak, the change in amount 
of each anion with pH cannot be determined from the electropherograms. However the 
increasing H2/S
2-
 molar ratios with pH indicating formation of higher oxidation state of 
sulfur product, which implies that the formation of sulfate which has higher oxidation 
state than trithionate becomes more significant with pH.  
These results demonstrate that an increase in hydrogen production with pH was 
mainly accompanied by formation of a higher oxidation state of sulfur. Moreover, a 
shift of predominant reaction mechanism with pH, from polysulfide formation to sulfur 
oxyanion formation, was found at 300 °C. This outcome confirms the reaction 
mechanism as described by Eqs. (3.1) and (3.2). Additionally, as shown in Table 3.1, 
the pH at the final conditions of the reaction was higher compared to the initial value in 
general, indicating production of hydroxide ion (OH
-
) during the reaction, which also 




Fig. 3.8. Electropherograms of liquid samples at 320 °C and (a) pH 9, (b) pH 11, and (c) 

























































































3.3.4 Effect of Temperature on Hydrogen Production Reaction 
The reaction rate increased with temperature, which was suggested by the 
increase in sulfide consumption, as shown in Fig. 3.4a. However, the increase in 
reaction rate alone cannot explain the exponential increase in hydrogen production with 
temperature. To further examine the effect of temperature, CE analysis results for liquid 
samples after reaction at 280 °C, 300 °C, and 320 °C were examined at each pH.  
Figures 3.6a, 3.7a, and 3.8a show electropherograms at 280 °C, 300 °C, and 
320 °C, respectively, and pH 9. The H2/S
2-
 molar ratios for reactions at 280 °C, 300 °C, 
and 320 °C were 0.6, 0.9, and 2.0, respectively (Fig. 3.5). At 280 °C and 300 °C, no 
significant sulfur oxyanion was detected (Figs. 3.6a and 3.7a), while at 320 °C, sulfur 




ratios and CE analysis results suggest that the mechanism of hydrogen production at 
280 °C and 300 °C was accompanied predominantly by formation of polysulfide, while 
reaction at 320 °C was accompanied predominantly by formation of sulfur oxyanion.  
Electropherograms at 280 °C, 300 °C, and 320 °C, and pH 11 are shown in 
Figures 3.6b, 3.7b, and 3.8b, with H2/S
2-
 molar ratios of 0.6, 1.1, and 3.0, respectively 
(Fig. 3.5).The anions detected at all temperatures were similar to those at pH 9. Based 
on these results, the mechanism of hydrogen production at 280 °C and 300 °C is 
proposed to be predominantly accompanied by formation of polysulfide, while at 
320 °C it is predominantly accompanied by formation of sulfur oxyanion. 
Figures 3.6c, 3.7c, and 3.8c show electropherograms at 280 °C, 300 °C, and 
320 °C, respectively, and pH 13. The H2/S
2-
 molar ratio for the reaction at 280 °C was 
1.2, and no significant amount of sulfur oxyanion was formed (Fig. 3.6c). At 300 °C 
and 320 °C, H2/S
2- 
molar ratios were 2.6 and 3.4, respectively (Fig. 3.5), and sulfur 
oxyanions (i.e., trithionate and/or sulfate) was produced, with larger amounts at the 
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higher temperature (Figs. 3.7c and 3.8c). The H2/S
2-
 molar ratios and CE analysis results 
suggest that hydrogen production at 280 °C was accompanied predominantly by 
formation of polysulfide, while at 300 °C and 320 °C, the reaction was accompanied 
predominantly by formation of sulfur oxyanion.  
A shift in the predominant reaction mechanism of hydrogen production, from 
polysulfide formation to sulfur oxyanion formation, occurred with increasing 
temperature. Some studies reported that polysulfide can thermally decompose at higher 
temperatures to form sulfur oxyanion (Licht and Davis, 1997; Kamyshny et al., 2007; 
Filpponen et al., 2006). This phenomenon might explain the predominant sulfur 
oxyanion formation at higher temperature. 
Results at all pH values revealed the effect of temperature on hydrogen 
production, which showed that higher reaction temperatures resulted in formation of a 
greater amount and/or oxidation state of sulfur. These results confirm the proposed 
reaction mechanism. 
Increases in both pH and temperature promote formation of a higher amount 
and/or oxidation state of sulfur; however, the increase in hydrogen production was more 
pronounced with temperature. This outcome was due possibly to a significant increase 
in reaction rate that occurred at higher temperatures, but not at higher pH values, which 
finally induced an exponential increase in hydrogen production.  
3.3.5 Optimum Hydrogen Production Conditions for Hydrogen Production via Sulfur 
Redox Cycle 
 The hydrogen production reaction observed in this study involved the first half 
of the sulfur redox cycle. The second half of the cycle involves sulfide regeneration 
with organic compounds derived from biomass acting as the reducing agent for the 
polysulfide and sulfur oxyanion formed in the first half-cycle. Complete sulfide 
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regeneration is expected to ensure continuity of the sulfur redox cycle for the hydrogen 
production system. Thus to determine optimum hydrogen production conditions, outside 
of the amount of hydrogen produced, the form of sulfur-containing anion that is 
produced after hydrogen production reaction also needs to be considered, because the 
formation of a higher sulfur oxidation state denotes a more difficult sulfide regeneration 
process.  
Under the conditions discussed in this chapter, higher pH values and 
temperatures led to greater amount of hydrogen. However, a higher sulfur oxidation 
state, which is indicated by a greater H2/S
2-
 molar ratio, was also found at higher pH and 
temperatures.  
The currently proposed method for sulfide regeneration involves reaction of the 
solution resulting after hydrogen production with glucose at temperatures near 100 °C. 
The solution used for sulfide regeneration discussed in Chapter 2 was obtained from the 
hydrogen production reaction with a H2/S
2-
 molar ratio of 2.7. Using this method and 
conditions, nearly complete sulfide regeneration was achieved. Based on this outcome, 
optimum conditions for hydrogen production are a H2/S
2-
 molar ratio near 2.7. 
According to the results obtained in this study, such conditions are best achieved by 
reaction at 300 °C and pH 13, and at 320 °C and pH 11 with H2/S
2-
 molar ratios of 2.6 
and 3.0, respectively. 
3.4 Conclusions 
Effects of pH and temperature on hydrogen production from sulfur-water 
reactions under hydrothermal conditions in Hastelloy C-22 reactor were examined. A 
significant amount of hydrogen was produced at temperatures ≥280 °C and 
corresponding saturated vapor pressures at pH 9-13 in a 60 minutes reaction. Hydrogen 
production increased with both pH and temperature, however the effect was more 
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pronounced with temperature. Sulfide consumption also increased with temperature, 
while its pH dependence was generally small. The H2/S
2-
 molar ratio was 0.6-3.4 and 
higher amount and/or oxidation state of sulfur produced with increasing pH and 
temperature, which explains the increasing hydrogen production. A shift in the 
predominant reaction mechanism of hydrogen production from polysulfide formation to 
sulfur oxyanion formation also occurred with increasing pH and/or temperature. These 
results confirm the proposed mechanism that hydrogen is produced from water 
reduction by sulfide, accompanied by formation of polysulfide and/or sulfur oxyanion. 
Results of this study also suggest that optimum hydrogen production conditions via a 
sulfur redox cycle, based on the sulfide regeneration process, is optimized at 300 °C and 






Mechanisms and Kinetic Models of 
the Water-Sulfur Reaction 
4.1 Introduction 
The results of previous chapters have shown that hydrogen can be generated 




, in water under hydrothermal 
conditions (S
2− 
is used to represent both anions after this). As described in Chapter 3, 
within the temperature range of 280−320 °C and the pH range 9−13, the hydrogen yield 
from this process has been shown to increase with increases in temperature and/or pH. It 
has also been determined that hydrogen production under these conditions is 
accompanied by the formation of polysulfide, Sn
2−
, where n ranges from 2 to 5 
(Giggenbach, 1974) and/or the sulfur oxyanions, SxOy
2−
, as summarized by Eqs. (4.1) 
and (4.2) respectively.  
   -   ( - )      
 -
  ( - )  -  ( - )     (4.1) 
   -  (    - )        
 -
  ( - )  -  (   - )   (4.2) 
If hydrogen production proceeds according to Eq. (4.1), the molar ratio of 
hydrogen produced to sulfide consumed (H2/S
2−
) will be at least 0.5 if n=2, and at most 
0.8 if n=5. If hydrogen is instead produced according to Eq. (4.2), the H2/S
2− 
molar ratio 
will range from 2 if the oxidation state of sulfur changes from S
2−











). Discussion in Chapter 3 have 
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indicated that a shift in the predominant hydrogen production mechanism from 
polysulfide formation (Eq. (4.1)) to sulfur oxyanion formation (Eq. (4.2)) is associated 
with increasing temperature and/or pH.  
 In this chapter, model equations designed to estimate the extent of hydrogen 
production and identification of the sulfur products from reactions are discussed. In the 
mathematical models developed in this chapter, the factors used to determine the 
amount of hydrogen production (   , mol) were: sulfide consumption (−d[S
2−
], mol/L), 
solution volume (V, L) and molar ratio of hydrogen produced to sulfide consumed 
(H2/S
2−
), as shown in Eq. (4.3). It should be noted that the −d[S
2−
] variable represents 
the apparent value of sulfide consumption that is observed in the experiments, which 
may be the total amount of sulfide consumption from several elementary reaction 
mechanism. 
         
          
        (4.3) 
Since volume is an experimentally determined parameter, the factors that can be 
modeled are sulfide consumption and the H2/S
2−
 molar ratio. The kinetics of hydrogen 
production between 280 and 330 °C and in the pH range 9−13 was examined in this 
chapter to observe the effects of temperature and pH on sulfide consumption rate. The 
temperature and pH dependence of the H2/S
2−
 molar ratio was also assessed, based on 
statistical analysis of experimental data. As a result of these studies, a predictive model 
equation was developed to estimate the quantity of hydrogen produced at various values 
of temperature and pH. 
The possible sulfur products generated under each reaction condition were also 
studied, to allow an understanding of the mechanism of the overall hydrogen production 
process, including the consideration to sulfide regeneration reaction associated with the 
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second half of the sulfur redox cycle. Chapter 3 briefly discussed findings which 
showed that the production of sulfur products with higher oxidation numbers indicated a 
more difficult sulfide regeneration process. In this chapter, a more thorough discussion 
of the various sulfur products is included, in addition to studies concerning the effects of 
temperature and pH on these products. Finally, an optimum mechanism for the 
production of hydrogen via the sulfur redox cycle is proposed, based on the measured 
hydrogen production and estimated sulfur products. 
4.2 Experimental 
4.2.1 Hydrogen Production Experiment 
Experimental procedure of the hydrogen production is very similar to those 
reported in Chapter 3. The reaction temperatures of hydrogen production discussed in 
this chapter were 280, 300, 320 and 330 °C. The saturated vapor pressures associated 
with these reaction temperatures were approximately 6.2, 8.5, 11.5 and 13 MPa, 
although it has been demonstrated in Chapter 3 that pressure has no effect on the 
reaction. Reaction times ranged from 15 to 90 min.  
4.2.2 Sample Analysis 











) contained in the liquid sample is similar to those described in Chapter 
3. It has been stated that the applied analytical method could not identify polysulfide, 
and that the migration times of sulfate and trithionate were very similar, so when both 
anions are present in a solution, their peaks are likely to be merged and appear as only 
one peak. However, despite the limitation, the analytical method described in Chapter 3 
is applied based on the following considerations. 
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Polysulfides and sulfur oxyanions, which may be produced from the hydrogen 
production process, are compounds that are easily oxidized. Therefore, fastness and 
practicality of the analytical technique are essential points to obtain reliable 
identification result of the sulfur species formed in the hydrogen production reaction. 
Separate analytical techniques which can identify and quantify particular polysulfide or 
sulfur oxyanion species in detail are in fact available (Morales et al., 2000; Steudel and 
Holdt, 1986; Zopfi et al., 2001; Kamyshny et al., 2006). However, applying several 
analytical methods for identification of the sulfur species contained in the samples may 
require significant amount of time and involve impractical techniques, in which during 
the analysis preparation, the sulfur species may have changed due to oxidation. Also, 
another developed analytical method to identify and quantify the sulfur species that may 
be produced from this hydrogen production method, mostly have a very low detection 
limit (in μmol/L range) which may require the sample to be diluted before analyzed, as 
summarized by O’Reilly et al. (2001). Despite the limitations, this applied analytical 
technique does not require pre-treatment and/or dilution of the sample which allows fast 
and practical, and therefore reliable identification process of the sulfur species. 
The hydrogen concentrations of gas samples taken from the reactor were 
determined via gas chromatography, using a thermal conductivity detector (GC-
323/TCD, GL Sciences, Inc.) under the condition reported in Chapter 3. High purity 




4.3 Results and Discussion 
4.3.1 Development of a Predictive Mathematical Model for Hydrogen Production 
4.3.1.1 Sulfide Consumption Model 
The effects of reaction conditions (temperature and pH) on the apparent value of 
sulfide consumption observed in the experiments of hydrogen production reactions were 
determined through kinetic analysis. Semilogarithmic plots of the changes in sulfide 
concentration over 30 to 90 min of reaction time in pH 13 solutions at 280, 300 and 320 
°C are shown in Fig. 4.1. In these plots, [S0] is the concentration of sulfide at time 0 min 
at the reaction temperature, which is suggested to be similar as the initial sulfide 
concentration at room temperature. Meanwhile [St] is the sulfide concentration at time t 
min, at the reaction temperature. Both [S0] and [St] are in units of mol/L. The slopes of 
the semilogarithmic plots of the proportionate sulfide concentration changes, 
(ln([St]/[S0])), versus time are largely linear, indicating that this is a first order reaction. 
The linear slope of the plots also indicates that there is no significant sulfide 
consumption, and thus no significant hydrogen production reaction, during heating time. 









 for the reactions at 280, 300 and 320 °C, 
respectively. It needs to be noted that the       variable represents rate constant of the 





Fig. 4.1. Changes in sulfide concentration as a function of time at pH 13 and a) 280, b) 
300 and c) 320 °C. 
 





















































Table 4.1 summarizes the sulfide consumption, hydrogen production and H2/S
2−
 
molar ratios obtained at 280−330
 
°C and pH 9−13. The sulfide consumption rate 
constants for 60 min reactions at 280, 300 and 320 °C and at pH 13 were obtained by 









were obtained in this manner. Since the 
sulfide consumption rate constant obtained from the plots of varying reaction times in 
Fig. 4.1 and from the 60 min reaction data are very similar, the sulfide consumption 
data from a 60 min reaction was considered suitably representative for the 
determination of reaction rate constants at other pH values. Based on the data in Table 
4.1, the sulfide consumption rate constants for reactions at 280, 300 and 320 °C at pH 

















 respectively. The reaction at 330 °C occurred so rapidly 
that a reaction time less than 60 min was required to determine the sulfide consumption 
rate constant, therefore the sulfide consumption resulting from a 15 min reaction at 330 
°C and at pH values of 9, 11 and 13 are provided in Table 4.1. Assuming that the 
reaction at this temperature is also first order, the sulfide consumption rate constants at 









, respectively.  
The rate constants under all reaction conditions are summarized in Table 4.2, 
while Fig. 4.2 presents the effects of temperature and pH on these constants. The rate 
constant is observed to increase with increases in both temperature and pH, 






Table 4.1. Sulfide consumption, hydrogen production and H2/S
2−



















280 9 60 0.60 0.37 0.6 
280 11 60 0.42 0.25 0.6 
280 13 60 0.62 0.74 1.2 
300 9 60 1.57 1.37 0.9 
300 11 60 1.76 1.91 1.1 
300 13 60 1.92 5.01 2.6 
320 9 60 3.62 7.27 2.0 
320 11 60 3.85 11.67 3.0 
320 13 60 4.45 14.32 3.2 
330 9 15 1.82 4.37 2.4 
330 11 15 1.92 5.22 2.7 
330 13 15 3.54 12.51 3.5 
 





      
(min−1) 
280 9 60 −2.1×10−3 
280 11 60 −1.5×10−3 
280 13 60 −2.3×10−3 
300 9 60 −6.5×10−3 
300 11 60 −7.1×10−3 
300 13 60 −9.0×10−3 
320 9 60 −2.6×10−2 
320 11 60 −3.2×10−2 
320 13 60 −5.6×10−2 
330 9 15 −3.2×10−2 
330 11 15 −3.4×10−2 




Fig. 4.2. Effect of a) temperature and b) pH on the sulfide consumption rate constant. 
 
Since the above analysis of reaction kinetics showed that sulfide consumption 
proceeds via a first order reaction, the variation in sulfide concentration with time can 
be described by Eq. (4.4).  
            
   (    (    )  )      (4.4) 
The natural logarithm of the sulfide consumption rate constant is plotted against 




























































Fig. 4.3. Arrhenius plots of the sulfide consumption rate constant between 280 and 330 

























































These plots can be interpreted in terms of the Arrhenius relationship between rate 
constant and temperature, as in Eq. (4.5).  





   ( )       (4.5) 
Based on the Arrhenius plots, activation energy (Ea) values for the reactions at pH 
values of 9, 11 and 13 were calculated as 158, 182 and 215 kJ/mol respectively, and the 









. These values of Ea and A were obtained from the apparent value of sulfide 
consumption that is dependent on pH, which explains the pH dependency of these 
values. The dependence of both Ea and A on pH is illustrated in Fig. 4.4.  
 
Fig. 4.4. The pH dependence of a) activation energy (Ea) and b) pre-exponential factor 
(A). 




































It can be seen that Ea is linearly dependent on pH (Fig. 4.4a), while A is exponentially 
dependent (Fig. 4.4b), so that Ea and A can both be described as functions of pH, as 
shown in Eqs. (4.6) and (4.7) respectively.  
    (             )    
       (4.6) 
         (       )       (4.7) 
Substituting the expressions for Ea and A in Eqs. (4.6) and (4.7) into the Arrhenius 
equation results in Eq. (4.8), which describes the relationship between the sulfide 
consumption rate constant and both temperature and pH.  
      ( 
 ((             )       ))  (      (       ))   (4.8) 
Based on Eq. (4.8), the rate of sulfide consumption during the hydrogen production 






 molar ratios obtained under various reaction conditions are presented 
in Table 4.1, where it can be seen that the ratio varies with both temperature and pH, 
such that reactions at higher temperatures and/or pH result in higher ratio values.  
The dependence of the ratio on temperature and pH was determined using linear 
multivariate regression analysis (using Microsoft Excel with XLSTAT add-in). The 
theoretical limit of the H2/S
2−
 molar ratio when the hydrogen production mechanism is 
based on Eq. (4.1) and/or Eq. (4.2) is within the range 0.5 to 4. To obtain regression 
results within this range, the H2/S
2−
 data from the reaction at 280 °C and pH 9 were 
weighted. Weight of a data indicates how much the data will be counted in statistical 
procedure (e.g. a weight of 2 means that the data counts in the dataset as two identical 





 values were obtained from the regression analysis, with an acceptable R
2
 
value of 0.94 obtained with a weighting factor of 10 (weight factor of other data is 1). 
The resulting regression equation is shown below as Eq. (4.9).  
    
                                  (4.9) 
Figure 4.5 presents plots which compare the experimentally determined H2/S
2− 
molar 
ratios with the ratios calculated using Eq. (4.9), and show that Eq. (4.9) can be used to 
estimate the H2/S
2− 
molar ratios under particular reaction condition. 
 
Fig. 4.5. Comparison of experimental and calculated values of the H2/S
2− molar ratio. 
4.3.1.3 Hydrogen Production Model 
The mathematical model used to describe hydrogen production is summarized 
by Eq. (4.3). If the H2/S
2−
 term in this equation is substituted by the equivalent 
expression in Eq. (4.9), the extent of hydrogen production (   , in mol) can be 




































        
   (    (    )  )    (                    ) (4.10) 
In this equation, [S0
2−
] is the initial sulfide concentration (mol/L),      is the sulfide 
consumption rate constant (min
−1
), t is time (min), V is volume (L) and T is the reaction 
temperature (K). A comparison of experimental hydrogen production results with values 
calculated using Eq. (4.10) is shown in Fig. 4.6.  
Small deviations between the calculated and experimental values are observed in 
Fig. 4.6, which might be due to the limitation of the H2/S
2−
 model. In general, this 
model may be applied to estimate hydrogen production values from the hydrothermal 
reactions, and should be applicable to the design and development of the hydrogen 










































































































4.3.2 Identification of Sulfur Products from Hydrogen Production Reactions 
In addition to hydrogen, the hydrothermal reactions of aqueous alkaline sulfide 
solutions also generate various sulfur products. The particular species generated will 
depend on the reaction mechanism. In Chapter 3, although a shift in the predominant 
reaction mechanism from polysulfide formation to sulfur oxyanion formation was 
observed with increasing temperature and/or pH, the composition of the sulfur products 
at each combination of temperature and pH was not studied, and the effects of 
temperature and pH on the formation of sulfur products was not fully examined. Herein, 
the sulfur products resulting from hydrogen production reactions under various 
conditions of temperature and pH are estimated based on combined information from 
electrophoresis results, experimentally obtained H2/S
2-
 molar ratios and results from 
previous researches, which inform about possible species of sulfur product at particular 
condition.   
4.3.2.1 Sulfur Products at 280 °C 
The electropherograms of liquid samples obtained after 60 min reaction at 280 
°C and pH values of 9, 11 and 13 are shown in Fig. 4.7. It should be reiterated here that 
any polysulfides present in the samples will not be detected by this technique. At pH 9, 
as shown in Fig. 4.7(a), only two anions are clearly identified in the electropherogram: 
chloride from the acid added for pH adjustment and unreacted sulfide. The small peak 
appearing at approximately 3 min is possibly a trace amount of sulfite present as an 
impurity in the raw materials. As in Table 4.1, the H2/S
2−
 molar ratio at 280 °C and pH 
9 was 0.6. According to Eq. (4.1), a H2/S
2−
 molar ratio within the range of 0.5−0.8 is 
associated with the production of polysulfides, which indicates that reaction at 280 °C 
and pH 9 is accompanied by polysulfide formation. Since the predominant polysulfide 
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species formed under hydrothermal conditions is pentasulfide (S5
2−
) (Kamyshny et al., 
2007), it can be assumed that this is the main sulfur product under these reaction 
conditions, via the reaction given as Eq. (4.11).  
    -         
 -
    -           (4.11) 





per Table 4.2. Since the only possible main sulfur product at these conditions was the 
pentasulfide, it is likely that all the reacted sulfides went to form pentasulfide, and so 





Figure 4.7(b) shows that, at 280 °C and pH 11, only chloride and unreacted 
sulfide anions are present, with the same small peak near 3 min from trace sulfite. These 
anions are the same as those seen at pH 9, and the same H2/S
2−
 molar ratio of 0.6 was 
also obtained. Based on these results, it can be concluded that pentasulfide is once again 
the primary sulfur product, as in Eq. (4.11). The sulfide consumption rate constant at 




 and since it is likely that all sulfides were reacted to form 








Fig. 4.7. Electropherograms of liquid samples after 60 min reaction at 280 °C and at pH 

















































































The 280 °C and pH 13 electropherogram in Fig. 4.7(c) clearly shows that only 
the sulfide anion is present, in addition to the trace amount of sulfite. The H2/S
2−
 molar 
ratio at this pH value was 1.2, which exceeds the upper value of 0.8 which Eq. (4.1) 
predicts should be associated with the formation solely of polysulfide, thus it appears 
that hydrogen production under these conditions is also accompanied by some degree of 
sulfur oxyanion formation. It has been reported that, at higher pH values, polysulfides 
can decompose to form thiosulfate (S2O3
2−
) (Kamyshny et al., 2007; Licht and Davis, 
1997; Filpponen et al., 2006). Based on these considerations, the reaction at pH 13 
likely resulted in the formation of both pentasulfide and thiosulfate, with reactions 
according to Eqs. (4.11) and (4.12). 
    -           
 -
    -          (4.12) 




 and, since the 
reaction is first order, the sulfide consumption rate can be described by Eq. (4.13). 
 
      
  
        
          (4.13) 
If –k1 is the sulfide consumption rate constant associated with the formation of 
pentasulfide, and –k2 is the rate constant associated with thiosulfate formation, then Eq. 
(4.14) can be written as below. 
 
      
  
  (     
   )  (     
   )     (4.14) 
If the leftmost term in Eq. (4.14) is substituted by the equivalent expression in Eq. 
(4.13), then Eq. (4.15) is derived. 
       
          
        
         (4.15) 
Cancelling out the [S
2−
] variable in Eq. (4.15) then gives Eq. (4.16). 
69 
 
                      (4.16) 
The      value for the reaction at 280 °C and pH 13 is known, so that Eq. (4.16) can 
be expressed as Eq. (4.17).  
              
             (4.17) 
Additionally, the hydrogen production rate from reactions accompanied by the 
formation of both pentasulfide and thiosulfate can be described by Eq. (4.18). 




   
  
 [   ]
  
)       (4.18) 
If (
  







 molar ratio for hydrogen production accompanied by 
pentasulfide formation (which is 0.8 according to Eq. (4.11)), and (
  
   
)
    
  
 is the ratio 
associated with thiosulfate formation (2.0 according to Eq. (4.12)), then Eqs. (4.19) and 
(4.20) may be written.  








      
   )  ((
  
   
)
    
  
      
   )  (4.19) 
(
  
   
)
     
  
      
  
 (   (     
   ))  ( (     
   ))  (4.20) 
The term (
  
   
)
      
 in Eq. (4.20) is the H2/S
2−
 molar ratio at 280 °C and pH 13, which 
was 1.2. If the sulfide consumption rate in Eq. (4.20) is substituted by that in Eq. (4.13), 
the equation can be expressed as follows. 
            
       (    
   )   (     
   )    (4.21) 
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By inserting the value of the sulfide consumption rate constant for the reaction at 280 




) and cancelling out the [S
2−
] term, Eq. (4.22) can be 
obtained. 
                      
            (4.22) 









were calculated. Based on these results, the production rate constants for 






, respectively. However, 
notwithstanding these calculations, the electropherogram of the reaction products at 280 
°C and pH 13 does not show any thiosulfate. Since the formation of thiosulfate from 
sulfide is a first order reaction, the rate of thiosulfate formation can be calculated by Eq. 
(4.23). 
      
       
   (   
(  
    
  )  
)     (4.23) 
Based on Eq. (4.23), the concentration of thiosulfate which should have resulted from 
the reaction is 0.91 mmol/L, which is substantially below the 5 mmol/L concentration of 
the standard solution. As a result of this very low concentration, the thiosulfate 
generated under these reaction conditions may simply not be detectable in the 
electropherogram.  
4.3.2.2 Sulfur Products at 300 °C 
Electropherograms of liquid samples from 60 min reaction at 300 °C and pH 




Fig. 4.8. Electropherograms of liquid samples after 60 min reaction at 300 °C and at pH 




















































































At 300 °C and pH 9, chloride and residual sulfide anions are clearly evident. The 
H2/S
2−
 molar ratio under these conditions was 0.9, indicating that the reaction was 
primarily associated with pentasulfide formation, as in Eq. (4.11). The sulfide 




, corresponding to a pentasulfide 





At 300 °C and pH 11, chloride and sulfide are once again observed. The H2/S
2−
 







 molar ratio for this reaction is very similar to the ratio 
determined from the 280 °C and pH 13 reaction, indicating that hydrogen production 
under these conditions also proceeds according to Eqs. (4.11) and (4.12), with 
pentasulfide and thiosulfate as the sulfur products. Using the same procedure as applied 
previously, involving Eqs. (4.13) – (4.22), pentasulfide and thiosulfate production rate 








 were calculated. A 
thiosulfate concentration of approximately 2.1 mmol/L was calculated as resulting from 
the reaction, based on calculations using Eq. (4.23), which again is likely too small to be 
detected by the analytical method, so that thiosulfate was not identified in the 
electropherogram. Additionally, the migration times of thiosulfate and chloride are 
almost identical so the two anions may co-elute and thus, in the presence of chloride, 
thiosulfate may not be identified.  
At 300 °C and pH 13, trithionate (S3O6
2−
) and/or sulfate (SO4
2−
) as well as 
residual sulfide were identified. The H2/S
2−
 molar ratio found for this reaction was 2.6 
which, according to Eq. (4.2), is associated with formation of the sulfur oxyanion. The 
production of hydrogen with trithionate formation according to Eq. (4.24) gives a H2/S
2−
 
molar ratio of approximately 2.7.  
    -            
 -
    -          (4.24) 
73 
 
It is therefore likely that the above equation describes the hydrogen production reaction 











4.3.2.3 Sulfur Products at 320 °C 
Figure 4.9 shows the electropherograms of liquid samples from a 60 min 
hydrogen production reaction at 320 °C and at pH values of 9, 11 and 13. At 320 °C and 
pH 9, chloride, trithionate and/or sulfate and sulfide anions are present. The H2/S
2−
 
molar ratio for this reaction was 2.0. Although the electropherogram does not allow us 
to distinguish between trithionate and sulfate, discussion in Chapter 3 suggested that 
sulfate is likely to be produced only at higher temperatures and pH. Thus, trithionate 
was more probably the sulfur product under these reaction conditions. However, if all 
the reacted sulfide had been converted to trithionate during hydrogen production, the 
H2/S
2−
 molar ratio should have been closer to 2.7, based on Eq. (4.24), and therefore a 
sulfur anion with a much lower oxidation number, such as polysulfide, must have also 
been produced. Previous work has shown that the predominant polysulfide species 
under these conditions is likely pentasulfide (Kamyshny et al., 2007) and thus it can be 
concluded that the sulfur products from the reaction under these conditions were 





. The associated production rate constants for pentasulfide and 














Fig. 4.9. Electropherograms of liquid samples after 60 min reaction at 320 °C and at pH 

























































































At 320 °C and pH 11, chloride, trithionate and/or sulfate and sulfide anions were 
evident. The H2/S
2−
 molar ratio was 3.0, which indicates that the predominant hydrogen 
production mechanism resulted solely in the formation of trithionate. The sulfide 




, and so the trithionate 





At 320 °C and pH 13, only trithionate and/or sulfate were found. The H2/S
2−
 
molar ratio was 3.2, which is higher than the H2/S
2−
 molar ratio anticipated for hydrogen 
production with trithionate formation (Eq. (4.24)), suggesting that sulfate, which has a 
higher oxidation number than trithionate, was also formed according to Eq. (4.25).  
             
              (4.25) 
The hydrogen production mechanism at 320 °C and at pH 13 is therefore a combination 
of Eqs. (4.24) and (4.25), with trithionate and sulfate as the sulfur products. The 




 and applying Eqs. 










4.3.2.4 Sulfur Products at 330 °C 
Electropherograms of liquid samples from 15 min reactions at 330 °C and pH 
values of 9, 11 and 13 are shown in Fig. 4.10. At 330 °C and pH 9, chloride, trithionate 
and/or sulfate and sulfide were identified and the H2/S
2−
 molar ratio was 2.4, which 
indicates that the sulfur products were pentasulfide and trithionate, according to Eqs. 




 and production rate constants for pentasulfide and trithionate from hydrogen 













Fig. 4.10. Electropherograms of liquid samples after 15 min reaction at 330 °C and at 


























































































At 330 °C and pH 11, chloride, trithionate and/or sulfate and sulfide were 
observed in the electropherogram and the H2/S
2−
 molar ratio was 2.7, a value which is 
associated with trithionate as the sole sulfur product according to Eq. (4.24). The sulfide 




(Table 4.2), and so the 





At 330 °C and pH 13, trithionate and/or sulfate and sulfide are present in the 
reaction mixture and the H2/S
2−
 molar ratio is 3.5. From these values, it can be 
considered that both trithionate and sulfate resulted from the reaction, according to Eqs. 















4.3.2.5 Effects of Temperature and pH on Sulfur Products 
The estimated sulfur products and their production rate constants as obtained 
from the various reactions examined in this study are summarized in Table 4.3. It can be 
seen that the rate constants increase with increasing temperature but have no clear 
correlation with pH. Interestingly, the sulfide consumption rate in the overall hydrogen 
production reaction does show a dependency on pH, as shown in Fig. 4.2(b). The 
overall hydrogen production reaction scheme is composed of a few elementary reactions 
which form various species of sulfur products. Some sulfur products, such as thiosulfate 
and sulfate, are only produced at higher pH, which indicates that the formation of these 
sulfur products is pH dependent. The formation of pH-dependent sulfur products may 
be the reason why the sulfide consumption rate in the overall hydrogen production 
reaction is seen to vary with pH.  
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Table 4.3. Sulfur products and their production rate constants (k, min−
1
) for hydrogen 
production reactions  





























































































Arrhenius plots of the production rate constants of the various sulfur products 
are provided in Fig. 4.11, in which the mean rate constant for each reaction temperature 
is plotted. Based on these plots, the activation energy values for the hydrogen 
production reaction associated with the formation of pentasulfide, thiosulfate, trithionate 
and sulfate were calculated as 71, 107, 125 and 234 kJ/mol, respectively. In addition, 











. These results infer that those reactions accompanied by 
the formation of sulfur products with higher oxidation numbers have higher values of 
Ea, inferring that these reactions exhibit greater temperature dependence. This is 
reflected in the observation that polysulfide was formed at all temperatures, while sulfur 
oxyanions, which have higher oxidation numbers, exhibited greater temperature 
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dependence. Hydrogen production accompanied by sulfate formation, which has the 
highest oxidation number compared to the other sulfur products, has the highest 
activation energy. 
 
Fig. 4.11. Arrhenius plots of reaction rate constants of various sulfur products. 
 
Additionally, the oxidation numbers of the sulfur products were found to be 
affected by both temperature and pH. Results showed that sulfur products with higher 
oxidation numbers were formed preferentially with increasing temperature and/or pH, 
which agrees with the results of Chapter 3. Similar results, where sulfide oxidation at 
higher pH values resulted in the increasing formation of products with higher oxidation 
numbers, have been reported previously (Fischer et al., 2007; Goldhaber, 1983).  
4.3.3 Optimized Hydrogen Production via the Sulfur Redox Cycle 
 The production of hydrogen as observed in this study occurs via the first of two 




























indicate that the overall hydrogen production reaction is composed of one or more 
elementary reactions accompanied by the formation of various sulfur products, such as 
polysulfide or sulfur oxyanion, depending on the reaction conditions.  
The second half-cycle consists of the sulfide regeneration reaction, where sulfur 
products from hydrogen production are converted back to sulfide by reduction reactions 
using organic compounds as reducing agents. The sulfide regeneration process is greatly 
affected by the particular sulfur species which results from the hydrogen production, 
such that sulfur products with higher oxidation numbers lead to a more difficult 
regeneration process. Therefore, to determine an optimal mechanism for hydrogen 
production via the sulfur redox cycle, there are two factors that need to be considered; a 
high H2/S
2−
 molar ratio is beneficial, as is the production of sulfur product that can be 
converted back to sulfide under mild condition, using residual heat generated by the 
hydrogen production process.  
 The hydrogen production values from reactions in the range of 280−330 °C and 
at pH values between 9 and 13 are shown in Table 4.1, and the estimated sulfur 
products obtained under the same conditions are provided in Table 4.3. From these data, 
it can be inferred that those reactions at higher temperatures and/or pH which result in 
higher levels of hydrogen production are also accompanied by the formation of sulfur 
products with higher oxidation numbers.  
The results presented here show that the highest H2/S
2−
 molar ratio was obtained 
from reaction at 330 °C and pH 13. However, under these conditions, some sulfate is 
produced, which is undesirable due to its high oxidation number. A study concerning 
the reduction of sulfate to sulfide using organic matter (glucose) under hydrothermal 
conditions has been published (Kiyosu, 1980), in which it is reported that the reduction 
rate of sulfate to sulfide is very low, even at reaction temperatures up to 340 °C and 
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reaction times as long as 236 h. Another work examined the reduction of sulfate to 
sulfide using acetic acid as the reducing agent at 241−330 °C, and reported that Ea for 
the reaction was 208 kJ/mol (Kiyosu and Krouse, 1990). Both works indicate that the 
reduction of sulfate to sulfide requires a significant amount of energy and therefore, 
although the hydrogen yield may be substantial under conditions which result in the 




 molar ratios obtained without generating sulfate were found 
at 300 °C and pH 13, 320 °C and pH 11, and at 330 °C and pH 11, with ratios of 2.6, 3.0 
and 2.7, respectively. Sulfide regeneration reactions from a hydrogen production 
process which had a H2/S
2−
 molar ratio of about 2.7 has been observed in Chapter 2, 
such that almost complete regeneration of the sulfide could be achieved by reaction at 
mild temperatures in the vicinity of 100 °C, using glucose as the reducing agent. The 
application of mild conditions for sulfide regeneration is desirable, as the reaction can 
then be carried out using only residual heat from the hydrogen production reaction. 
Based on these results, the optimal hydrogen production process will have a H2/S
2−
 
molar ratio of approximately 2.7. It is shown in Table 4.3 that the reactions which meet 
this criterion, at 300 °C and pH 13, 320 °C and pH 11 and at 330 °C and pH 11, produce 
only trithionate. Hence, it can be concluded that the optimal process for hydrogen 
production via the sulfur redox cycle proceeds according to Eq. (4.24), with formation 
of trithionate as the sole sulfur product. 
4.4 Conclusions 
The production of hydrogen and various sulfur products during the hydrothermal 
reaction of sulfide were examined. Based on results obtained from water-sulfur 
reactions in a Hastelloy C−22 reactor, at pH values from 9 to 13 and at temperatures 
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between 280 and 330 °C under saturated vapor pressures, model equations describing 
hydrogen production were devised. The dependence of the apparent sulfide 
consumption and H2/S
2−
 molar ratio, both of which determine the quantity of hydrogen 
produced, on temperature and pH were determined by kinetic and statistical analysis. A 
mathematical model which may be used to estimate hydrogen production based on 
incorporating starting conditions such as the initial sulfide concentration, pH and 
temperature, was presented in Eqs. (4.8) and (4.10).  
The results of this study also propose a possible mechanism of hydrogen 
production from the hydrothermal reaction of sulfide. The overall hydrogen production 
reaction can be considered as being composed of one or more elementary reactions 
depending on the reaction condition, with the formation of various species of sulfur 
products, such as polysulfide and sulfur oxyanions. Analysis of the sulfur products 
showed that, at temperatures between 280−330 °C and pH value between 9−13, 
hydrogen production was suggested to be accompanied by the formation of pentasulfide, 
thiosulfate, trithionate and sulfate as sulfur products. The production rate of these 
compounds was found to be affected by temperature, while the effect of pH was rather 
insignificant. Results also indicated that increasing pH and/or temperature resulted in 
the formation of sulfur products with higher oxidation numbers. Finally, this chapter 
suggests that the optimal process for hydrogen production via the sulfur redox cycle, 
taking into consideration the necessity of sulfide regeneration, is the process which 






Process Design of the Sulfur Redox 
Cycle 
5.1 Introduction 
Feasibility of the hydrogen production via sulfur redox cycle, which consists of 
hydrogen production half-cycle and sulfide regeneration half-cycle, has been confirmed 
in Chapter 2. Possible mechanisms and sulfur products for each observed reaction 
condition of the hydrogen production half-cycle reaction has also been determined in 
Chapter 3 and 4. To establish a complete system of the sulfur redox cycle and evaluate 
its performance, a process design needs to be developed.  
In development of the sulfur redox process design, optimum condition for each 
half-cycle reaction should be firstly determined, and then interconnected with the 
required process between the two half-cycles to form an integrated process design. Then, 
a flowsheet design which describes diagrammatic representation of the process steps 
with their interconnections needs to be devised. A process design in general, allows 
sizing and prediction of an individual reaction or equipment, for example, how much 
material is used or how much energy is consumed. Then, the performance of the process 
can be evaluated (Smith, 2005).  
There are many parameters for performance evaluation, and among the most 
important factors are efficiency of the use of raw material and efficiency of the energy 
requirement. Ideally, a chemical process design should consider sustainable activity that 
preserves the capacity of the environment to support both life and the industrial activity, 
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particularly the activity that involves the designed chemical process. It needs to be 
considered that the processes should use raw material as efficiently as possible, and the 
utilization of wasted or recovered material as raw component is of great advantage. The 
processes also should use as efficient energy as is practicable, both to prevent the 
emission of carbon dioxide from the burning of fossil fuel and to preserve the non-
renewable energy sources. Additionally, application of renewable and/or clean energy 
sources shall be prioritized whenever possible for the process.  
The required and possible sources of materials for the sulfur redox cycle have 
been discussed earlier in Chapter 1 and 2. The energy requirement for this process, on 
the other hand, has not been studied and needs to be investigated in order to enable 
efficiency evaluation of this system.  
This chapter aimed to study a possible process design for the sulfur redox cycle, 
and estimate the total energy requirement for this process. Firstly, an optimum condition 
for each reaction is analyzed to develop a process design. Then material flow and 
flowsheet design for the sulfur redox cycle process is devised. Energy requirement for 
the process is analyzed and calculated, to examine energy efficiency of the system. 
Finally, effectiveness and efficiency of the overall hydrogen production via the sulfur 
redox cycle is evaluated.       
5.2 Optimum Condition for the Sulfur Redox Cycle 
5.2.1 Condition and Mechanism of the Reactions 
As discussed in previous chapters, the sulfur redox cycle consists of two half-




Determination of optimum hydrogen production half-cycle considers some 
factors. A high H2/S
2−
 molar ratio is beneficial, as it indicates high hydrogen production 
per each mol of sulfide. Yet, the species of sulfur products which is related with its 
oxidation number should also be considered since higher oxidation number of the sulfur 
product denotes more difficult sulfide regeneration process, as discussed in Chapter 3 
and 4. It has been concluded in Chapter 4 that, according to the H2/S
2− 
molar ratio and 
the species of sulfur product, the optimal mechanism for the first half-cycle reaction is 
with formation of trithionate as the sulfur product. Under the observed conditions in 
Chapter 4, this optimal mechanism was met by three reaction conditions; at 300 °C and 
pH 13, at 320 °C and pH 11 and at 330 °C and pH 11. Additionally, higher reaction rate 
is beneficial as it associates with higher amount of hydrogen within shorter reaction 
time. Among the three conditions, according to the kinetic analysis of hydrogen 
production discussed in Chapter 4, reaction at 330 °C and pH 11 has the highest 
reaction rate. Therefore, it is the condition used for the hydrogen production half-cycle 
design. At 330 °C and pH 11, reaction is indicated to predominantly proceed according 
to Eq. (5.1). 
                     
               (5.1) 
For the second half-cycle reaction, sulfide regeneration from the sulfur product 
which was presumed to be trithionate, that was performed at near 100 °C with glucose 
as the reducing agent resulted in almost complete regeneration of sulfide, as has been 
discussed in Chapter 2. Thus, this condition can be considered optimum for the second 
half-cycle reaction. The reaction has been indicated to proceed according to Eq. (5.2). 
 
    
              
                      
          (5.2) 
86 
 
    Considering that sulfide is regenerable, overall reaction of the process can be 
represented by Eq. (5.3). 
                                            (5.3) 
5.2.2 Standard Gibbs Energy Change of the Reactions 
Spontaneity of the reactions in sulfur redox cycle under standard state (25 °C 
and 1 atm), which implies the necessity of input energy for a reaction, is determined by 
standard Gibbs energy change (   ) calculation. The value of     is the difference in 
the sum of standard Gibbs energy of formation of the products (          ) with the 
sum of standard Gibbs energy of formation of the reactants (           ), as shown in 
Eq. (5.4). 
    ∑           ∑                  (5.4) 
The value of standard Gibbs energy of formation for the compounds in the sulfur redox 
cycle is obtained from various databases and references (Thermodynamic Quantities for 
Substances and Ions at 25 °C; Marrero and Gani, 2001; Macdonald and Asl, 2011; 









Table 5.1. Standard Gibbs energy of formation for compounds in the sulfur redox cycle 












The standard Gibbs energy change (   ) for hydrogen production and sulfide 
regeneration was calculated according to reaction in Eqs. (5.1) and (5.2), as +534.15 kJ 
and +1731.22 kJ, respectively. Positive value of a Gibbs energy change shows that the 
reaction is non-spontaneous and endergonic, which indicate that energy will have to be 
added to the system in order for the reaction to occur. The calculation results of 
standard Gibbs energy change for reactions in the sulfur redox cycle infer that both 
hydrogen production and sulfide regeneration are non-spontaneous under standard state 
condition. This result confirm the experimental result, particularly for the hydrogen 
production process, that the reaction could not proceed under near ambient temperature 
and elevated temperature condition is required. 
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5.3 Material Flow and Process Flowsheet Design 
5.3.1 Material Flow 
 A hydrogen production via the sulfur redox cycle has been demonstrated and 
discussed in Chapter 2, where the reaction sequence of 1
st
 hydrogen production, sulfide 
regeneration and 2
nd
 hydrogen production was performed. Results from the 
demonstration showed that glucuronic and glucaric acids, which were indicated to be 
formed during the sulfide regeneration, did not cause significant impact on the 
mechanism and result of the 2
nd
 hydrogen production. However, after performance of 
several cycles, the organic acids will accumulate and may cause significant pH decrease 
of the solution. It has been discussed in Chapter 3 and 4 that mechanism of the 
hydrogen production half-cycle is affected by pH, and reaction at lower pH resulted in 
lower hydrogen production. Thus, to obtain optimum result from the hydrogen 
production half-cycle, separation of organic acids from the resulting solution of sulfide 
regeneration process is required. 
According to the mechanism for each half cycle reaction described in Eqs. (5.1) 




Fig. 5.1. Material flow in the sulfur redox-cycle process. 
Input to the hydrogen production process is sulfide-containing solution, and output of 
this process is hydrogen gas and sulfur product (trithionate) containing solution. In the 
sulfide regeneration process, the input is trithionate-containing solution and reducing 
agent (i.e. glucose), and the output is solution containing organic acids and sulfide. 
Organic acid is extracted from the solution, so that then the solution only contains 
sulfide, and can be used for input material in the next sulfur redox cycle.  
In overall, the input material for this process is glucose (which can be derived 
from biomass), and the output materials are hydrogen as the main product and some 
organic acids as the byproduct. Based on Eqs. (5.1)-(5.3), each mol of glucose can 
regenerate about 1 mol sulfide which then can produce about 2.7 mol hydrogen, along 
with formation of 0.33 mol trithionate. In the sulfide regeneration process, about 0.33 
mol glucuronic acid and 0.67 mol glucaric acid were also formed as byproduct. This 






























































which then produce about 0.34 Nm
3
 hydrogen and 0.36 kg of trithionate. As the 
byproduct, about 1.1 kg organic acids are also produced from each kilogram of glucose 
in the process. 
5.3.2 Process Flowsheet Design 
 A flowsheet design, describing unit operations and processes for the sulfur redox 
cycle is as illustrated in Fig. 5.2. The included processes are hydrogen production 
process, cooling process after hydrogen production, gas-liquid separation process, 
sulfide regeneration process, cooling process after sulfide regeneration, and organic 
acid-sulfide separation process. 
 
Fig. 5.2. Process flowsheet design of the sulfur redox cycle. 
First process in the sulfur redox cycle is hydrogen production from a sulfide-
containing solution, in a closed reactor vessel, using heat source to provide a 


































with temperature of up to 500 °C (Guang-yu et al., 2012; Karellas et al., 2013; Ping et 
al., 2012), may be utilized as heat source for this process. Additionally, geothermal 
resources are also potential for the heat source (Asmundsson et al., 2011).  
After the hydrogen production process completed, the resulting fluid enters a 
cooler unit, to be cooled down to below the boiling point of water (i.e. 98 °C) to enable 
separation between gas and liquid phase. Then, gas and liquid phase of the fluid is 
separated in a flash separator. The produced hydrogen gas is collected in this point.  
The next process is sulfide regeneration, where the trithionate-containing 
solution is mixed with glucose in a reactor at temperature near 100 °C. Added glucose is 
preferably in the form of powder, since the solution form will affect overall 
concentration of the solution and hence may affect the outcome of the overall process. 
Resulting fluid from the sulfide regeneration process is then cooled down to near room 
temperature (i.e. 35 °C) in a cooler unit, for preparation of the organic acid separation 
process from the solution. Common separation methods for organic and inorganic 
substance in a solution are reverse osmosis and application of nanofilter (Freger et al., 
2000; Ali et al., 2005; Senthilmurugan and Gupta, 2006; Ozaki and Li, 2002). For the 
sulfur redox process in this study, separation method using nanofilter is chosen for the 
process design considering the much lower energy requirement compared to the reverse 
osmosis method (Freger et al., 2000; Noble and Stern, 1995). In this separation unit, the 
organic acid that may be formed during the sulfide regeneration process is extracted 
from the solution. After this separation, the solution only contains sulfide with 
temperature near 35 °C and enters the next hydrogen production process.   
5.4 Energy Requirement of the Sulfur Redox Cycle 
The enthalpy change in a system equals to the heat (energy transfer caused by a 





1993). Heat requirement of each process in the sulfur redox cycle system at temperature 
T can then be measured using its enthalpy change (    ), which is the sum of the 
enthalpy change to bring reactants to standard temperature (          ), the standard 
enthalpy of formation at 25 °C (   
 ), and the enthalpy change to bring products to 
reaction temperature T (         ), as described in Eq. (5.5). 
                   
                        (5.5) 
The values of            and           for each process can be calculated 
using Eqs. (5.6) and (5.7) respectively, 
         ∑∫     
  
  
           (5.6) 
        ∑∫     
  
  
           (5.7) 
where    is the standard temperature (25 °C),    is the initial temperature (e.g. 35 °C for 
the hydrogen production process),    is the determined reaction temperature (e.g. 
330 °C for the hydrogen production process),  is molar amount of the compound and 
   is the specific heat capacity of the compound.  Meanwhile, the value of    
  can be 
calculated from the difference in the sum of standard enthalpy of formation of the 
products (∑   
 
       
)  and the sum of standard enthalpy of formation of 
reactants (∑   
 
        
), as described in Eq. (5.8).  
   
  ∑   
 
       
 ∑   
 
        
         (5.8) 
 Standard enthalpy of formation for each compound involved in the sulfur redox 
cycle reactions is as shown in Table 5.2, and the specific heat capacity value of the 
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compounds at corresponding temperature was obtained from various database and 
reference (Macdonald and Asl, 2011; NIST-JANAF Thermochemical Tables; Vatani et 
al., 2007).   
Table 5.2. Standard enthalpy of formation for the compounds in the sulfur redox cycle 













The calculation result of heat requirement for each process, based on Eq. (5.1) 
and (5.2), is summarized in Table 5.3. Negative value of the enthalpy change indicates 
that the process is exothermic or releasing heat, meanwhile a positive value indicates 








Table 5.3. Heat requirement for the sulfur redox process 
Process      
 
(kJ/mol H2) 
H2 production −624.53 
Cooling (1) −4.95 
Flash 0.00 
S2− regeneration +85.11 
Cooling (2) −2.15 
Organic acid separation +13.13 
 
From Table 5.3, it can be seen that if the heat requirement calculated 
stoichiometrically based on Eq. (5.1) and (5.2), enthalpy change of the overall process is 
about −533.39 kJ/mol H2, which shows that the process is exothermic. Yet, it is difficult, 
if not impossible; to achieve stoichiometric condition in the practice. The amount of 
water (H2O) will be particularly excessive compared to the required amount for the 
reaction. Hence, heat is required to increase temperature of the water. Since it is only 
hydrogen production process that has lower input temperature compared to the output 
temperature (Fig. 5.2), the heat for water heating is only required for the hydrogen 
production process.  
Heat requirement to for the water heating in the hydrogen production process 
depends on the sulfide concentration (which is a predetermined starting condition, as 
stated in Chapter 4), as it determines amount of water in the process. The heat 
requirement (         , kJ/mol) per mol of sulfide can be calculated using Eq. (5.9), 
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where      (in mol) is the molar amount of water,       is the specific heat capacity of 
water (in kJ/ °C mol), and    is the difference between reaction temperature and initial 
temperature (in °C).  
                              (5.9) 
Concentration of sulfide, presented in the unit of mol/L, shows the molar amount of 
sulfide per liter of water. At near room temperature, the weight of 1 L water is about 
1000 g, which is equivalent to about 55.56 mol water. A c mol/L of sulfide 
concentration may then be equal to c mol of sulfide per 55.56 mol of water. Thus, molar 
amount of water per mol of sulfide can be calculated by using Eq. (5.10).      
     
     
 
        (5.10) 
Based on the process design, reaction and initial temperatures for the hydrogen 
production process are 330 and 35 °C respectively, so that the value of    can be 
determined as 295 °C. The value of      for reaction under the associated temperature, 
based on the database (NIST-JANAF Thermochemical Tables), is about 0.08 kJ/ °C mol. 
Using these determined values of    and      , and substituting the    with similar 
expression as in Eq. (5.10), the heat requirement per mol of sulfide in the hydrogen 
production can be calculated using Eq. (5.11), where c represents a particular value of 
sulfide concentration.  
          
      
 
       (5.11) 
From Eq. (5.11), it can be seen that the heat requirement per mol of sulfide is inversely 
correlated with the sulfide concentration, so that maximum sulfide concentration 
resulted in minimum heat requirement. Solubility limit, which indicates maximum 
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concentration of sulfide in water, is about 31.1 mol/L (Li et al., 2011). If the sulfide 
concentration is designed to be near this value, the minimum heat requirement can be 
calculated as 43.7 kJ/mol S
2-
.  
Energy density of hydrogen is 286 kJ/mol H2. On the other hand, considering 
that each mol of sulfide can produce about 2.7 mol of hydrogen, the minimum heat 
requirement for each mol of hydrogen can be expressed as 16.2 kJ/mol H2. This result 
shows that energy production of this sulfur redox cycle is very much higher compared 
to its minimum energy requirement.   
5.5 Effectiveness and Efficiency of the Sulfur Redox Cycle Process 
Effectiveness of a process related with how resources required for the system are 
obtained and applied. Meanwhile efficiency of a process refers to the amount of 
resources required to produce a given level of output, as well as the possible recovery of 
the resources (Smith, 2005; Duflou et al., 2012).    
 Materials required in the designed sulfur redox cycle process are primary sulfide 
and glucose. In the hydrogen production half-cycle, sulfide is required to act as reducing 
agent of water. For the first cycle in initial stage of the process, sulfide requirement can 
be obtained from recovered waste from oil refinery or naturally available hydrogen 
sulfide in geothermal field. Byproduct of this process is mainly only trithionate-
containing solution, which then treated via the sulfide regeneration half-cycle to provide 
sulfide requirement for the next stage of hydrogen production half-cycle. In the sulfide 
regeneration half cycle, glucose which is required for the sulfide regeneration process 
can be derived from various recovered biomass waste. Byproduct of this process which 
is suggested to be glucuronic and glucaric acid are organic compounds that are 
commonly used as components in pesticides, food additives and biomedical application 
(Cimini et al., 2012; Leifer, 2005). These byproducts may be used for the 
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aforementioned purposes after purification from the possibly-contained sulfur-
containing compounds. Additionally, these organic acids are categorized as non-toxic 
for the environment (Leifer, 2005). Hence, from the point of view of material resources, 
the sulfur redox cycle process can effectively use recovered wastes or naturally 
available material; and the byproducts of this process also can be efficiently recovered 
and used in other industries. Moreover, as discussed in Chapter 2, considering glucose 
as the raw material, this process can produce higher amount of hydrogen compared to 
the hydrothermal gasification of glucose at much higher temperature. 
In this sulfur redox cycle process, energy is only required for water heating in 
the hydrogen production process, and the minimum energy requirement (16.2 kJ/mol 
H2) is very much lower compared to the amount of energy production (286 kJ/mol H2). 
Additionally, the required energy for heating may be achieved by using geothermal heat 
which is a renewable or recovered waste heat from energy intensive industries. Thus, 
this process can be regarded as an energy-efficient system. In overall, from the energy 
and material point of view, the sulfur redox cycle process is as an effective and efficient 
hydrogen production method.       
5.6 Conclusions 
A process design for hydrogen production via the sulfur redox cycle has been 
studied. An optimum condition for the hydrogen production half-cycle reaction, based 
on the H2/S
2−
 molar ratio, the species of sulfur product in consideration of sulfide 
regeneration process, and the production rate is at 330 °C and pH 11. For the sulfide 
regeneration half-cycle reaction, the optimum condition is at near 100 °C with addition 
of glucose, in which it has been shown that under this condition, almost complete 
sulfide regeneration can be achieved. Both reactions in hydrogen production and sulfide 
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regeneration half-cycle are confirmed to be non-spontaneous under standard state 
condition. 
Material flow and process design flowsheet of the sulfur redox cycle is 
developed based on the proposed mechanisms for each half-cycle reaction. Required 
materials for the process can be obtained from recovered waste and naturally available 
substances. Energy requirement for each process in the sulfur redox cycle also has been 
calculated based on the enthalpy change, showing that the process is stoichiometrically 
exothermic in overall. Energy is then only required for solution heating, and the 
minimum energy requirement (16.2 kJ/mol H2) is very much lower compared to the 
energy production from the process (286 kJ/mol H2). Additionally, the energy required 
for heating may be acquired from geothermal or industrial waste heat. In overall, the 
sulfur redox cycle method represents an effective and efficient hydrogen production 







In this thesis, a novel method of hydrogen production from biomass via a sulfur 
redox cycle has been studied. This method consists of two half-cycles: (1) hydrogen 





, acts as a reducing agent of water, and (2) sulfide regeneration 
under much milder conditions, with an organic compound derived from biomass acting 
as a reducing agent of the sulfur products formed in the first half-cycle.  
In Chapter 2, a hydrogen production from glucose (which can be derived from 
biomass) via the sulfur redox cycle was demonstrated, where the hydrogen production 
and sulfide regeneration were conducted at 300 ºC and 105 ºC, respectively. Results 
indicated that hydrogen production from 1 mol glucose was greater than that by 
hydrothermal gasification of glucose at much higher temperatures up to 500 ºC, and 
almost complete sulfide regeneration could be obtained. These results confirmed the 
feasibility of this new method for enhanced (and sustainable) hydrogen production. 
 Effects of pH and temperature on the hydrogen production half-cycle were then 
examined in Chapter 3. A significant amount of hydrogen was produced at temperatures 
≥280 °C and corresponding saturated vapor pressures at pH 9-13 in a 60 minutes 
reaction. Hydrogen production increased with both pH and temperature, however the 
effect was more pronounced with temperature due to the more rapid increase of reaction 
rate. The molar ratio of hydrogen production to sulfide consumption (H2/S
2-
) was 0.6-
3.4 and higher amount and/or oxidation state of sulfur produced with increasing pH and 
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temperature, which explains the increasing hydrogen production. It was suggested that 
hydrogen is produced from water reduction by sulfide, accompanied by formation of 
polysulfide and/or sulfur oxyanion. Also, it was indicated that a shift in the predominant 
reaction mechanism of hydrogen production from polysulfide formation to sulfur 
oxyanion formation occurred with increasing pH and/or temperature.  
Then, in Chapter 4, based on results obtained from the reactions at pH values 
from 9 to 13 and at temperatures between 280 and 330 °C under saturated vapor 
pressures, model equations describing hydrogen production were devised. The 
dependence of the apparent sulfide consumption and H2/S
2−
 molar ratio, both of which 
determine the quantity of hydrogen produced, on temperature and pH were determined 
by kinetic and statistical analysis. A mathematical model which may be used to estimate 
hydrogen production has been presented.  
Also in Chapter 4, results on the study about possible mechanism of hydrogen 
production half-cycle revealed that the overall hydrogen production reaction can be 
considered as being composed of one or more elementary reactions depending on the 
reaction condition, with the formation of various species of sulfur products, such as 
polysulfide and sulfur oxyanions. Analysis of the sulfur products showed that, at 
temperatures between 280−330 °C and pH value between 9−13, hydrogen production 
was suggested to be accompanied by the formation of pentasulfide, thiosulfate, 
trithionate and sulfate as sulfur products. The production rate of these compounds was 
found to be affected by temperature, while the effect of pH was rather insignificant.  
In Chapter 5, it is discussed that an optimum condition for the hydrogen 
production half-cycle reaction, based on the H2/S
2−
 molar ratio, the species of sulfur 
product in consideration of sulfide regeneration process, and the production rate, is 
suggested to be at 330 °C and pH 11, with trithionate as the sulfur product. For the 
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sulfide regeneration half-cycle reaction, the optimum condition is at near 100 °C with 
addition of glucose. Material flow and process design flowsheet of the sulfur redox 
cycle is developed based on the proposed mechanisms for each half-cycle reaction. 
Required materials for the process can be obtained from recovered waste and naturally 
available substances. Energy requirement for each process in the sulfur redox cycle also 
has been calculated based the enthalpy change, showing that the process is 
stoichiometrically exothermic in overall. Energy is then only required for solution 
heating, and the minimum energy requirement (16.2 kJ/mol H2) is very much lower 
compared to the energy production from the process (286 kJ/mol H2). Additionally, the 
energy required for heating may be acquired from geothermal or industrial waste heat.  
In overall, the sulfur redox cycle method proposed in this thesis represents an 
effective and efficient hydrogen production system, which offers an effective solution to 
fulfill the increasing demand of hydrogen, by the application of environmentally benign 
energy sources and naturally available compounds. However this thesis has been mainly 
focused on the hydrogen production half-cycle reaction. The sulfide regeneration half-
cycle needs to be studied more intensively for a profound understanding of the overall 
method. Treatment for the organic byproduct(s) also needs to be considered to ensure 
the safety of this process for the environment. Also, the developed process design of 
this hydrogen production system is still in the early stage. To encourage development of 
this method in a larger scale, a more comprehensive process design needs to be 
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